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FOREWORD

This finalreport was prepared by General Dynamics Convair Division for NASA/JSC

in accordance with Contract NAS9-15560, DRL No. T-1451, DRD No. MA-677T,

Line Item No. 4. It consists of three volumes: {I)A brief Executive Summary; (II)a

comprehensive discussion of Study Results; and (KI:I)a compilation of Appendicles to

further document and support the Study Results.

The study results were developed from April 1978 through February 1979, followed by

preparation of the final documentation. Reviews were presented at JSC on 18 October

1978 and 21 February 1979.

Participants who significantlycontributed to this study include General Dynamics Convair

personnel, a materials processing and manufacturing consultant, and fivetechnical

reviewers who are nationallyrecognized authoritieson lunar materials and/or space

manufacturing.

General Dynamics Convair

Ed Bock -- Study Manager

Mike Burz

Lane Cowgill

Andy Evancho

Bob Risley

Charley Shawl

Joe Streetman

-- Transportation Analysis

-- Trajectory Analysis

-- Economic Analysis

-- Economic Analysis

-- Transportation Systems

-- Transportation Systems

Maridee Petersen _ Typing

Consultant

Abe Hurlich Material Processing & Manufacturing

(Retired Manager of Convair's Materials Technology Depart-

ment and past national president of the American Society for

Metals. )

Technical Reviewers

Dr. Jim Arnold

Gerald Driggers

Dr. Art Dula

Dr. John Freeman

Dr. Gerry O'Neill

-- University of California at San Diego

-- Southern Research Institute

-- Butler, Binion, Rice, Cook & Knapp

-- Rice University

-- Princeton University
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In addition to these participants, useful supportive information was obtained from two

complementary study activities, from personnel at NASA's Johnson Space Center and

Lewis Research Center, and from many academic and industrial researchers who are

involved with development of manufacturing processes which may be especially suited
for in space use.

@
Contract NAS09--051- 001 "Extraterrestrial Materials Processing and Construc-

tion" being performed by Dr. Crlswell of LPI under the direction ofJSC's
Dr. Williams.

Contract NAS8--32925 "Extraterrestrial Processing and Manufacturing of Large

Space Systems" being performed by Mr. Smith of MIT under the direction of

MSFCVs Mr. yon Tlesenhausen.

Earth Baseline Solar Power Satellitecosting information from Mr. Harron,

Mr. Whittington, and Mr. Wadle of NASA's Johnson Space Center.

Ion Electric Thruster information for argon and oxygen propellants provided

by Mr. Regetz and Mr. Byers of NASA's Lewis Research Center.

Electron Beam Vapor Deposition of Metals Infornmtion from Dr. Schiller of

Forschungsinstitut Manfred Von Ardenne, Dresden, and Dr. Bunshah of
UCLA, plus others.

Solar Cell Manufacturing Information from Mr. Wald of Mobile Tyco Solar

Energy Corp., Mr. Minnucci and Mr. Younger of SPIRE Corp., and Mr. Dubik

of Schott Optical Glass Co., plus others.

Glass Manufacture Using Lunar Materials Information from Dr. MacKenzie
of UCLA.

The study was conducted in Convair's Advanced Space Programs department, directed

by J. B. (Jack) Hurt. The NASA-JSC COR is Earle Crum of the Transportation

Systems Office, under Hubert Davis, Manager.

For further information contact:

Earle M. Crum

National Aeronautics and Space Administration

Lyndon B. Johnson Space Center

Transportation Systems Office, Code ER

Houston, Texas 77058

(AC713) 483- 3083

Edward H. Bock

General Dynamics Convair Division

Advanced Space Programs, 21-9500

P. O. Box 80847

San Diego, California 92138

(AC714) 277-8900 x2510
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ACS

COR

COTV

CRES

CTV

DOE

DRD

DRL

ECLSS

EMR

ET

EVA

GDC

GEO

HLLV

ISP

JSC

L 2

L 4 or L5

LDR

LEO

LeRC

LLO

LMR

LPI

LRU

LS

LSS

LTV

MBE

MDRE

_T

MPTS

MSFC

NASA

OTV

PLTV

PLV

Attitude Control System

Contracting Offdcers Representative

Cargo Orbital Transfer Vehicle

Corrosion Resistant Steel

Cargo Transfer Vehicle

Department of Energy

Data Requirement Description

Data Requirements List

Environmental Control & Life Support System

Earth Material Requirements

External Tank (Space Shuttlel

Extra Vehicular Activity

General Dynamics Convair

Geostationary (or Geosynchronous) Earth Orbit

Heavy Lift Launch Vehicle

SpecificImpulse

Johnson Space Center (NASA)

Lagrangian Libration Point Behind Moon

Lagrangian Libration Point which Forms an Equalateral

Triangle with Earth and Moon

Lunar Derived Rocket

Low Earth Orbit

Lewis Research Center (NASA)
Low Lunar Orbit

Lunar Material Requirements

Lunar and Planetary Institute

Lunar Resource Utilization

Life Support

Large space Structure

Lunar Transfer Vehicle

Molecular Beam Epitaxy

Mass Driver Reaction Engine

Massac_setts Instituteof Technology

Microwave Power Transmission System

Marshall Spacefligh.tCenter (NASA)

National Aeronautics and Space Administration

Orbital Transfer Vehicle

Personnel Lunar Transfer Vehicle

Personnal Launch Vehicle
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RDT&E

I_MS

RPL

SCB

SDV

SEP

SS_F

SPS

SRB

SSME

SSTS

TFU
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UCLA
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Research, Development, Test and Evaluation

Remote Manipulator System (Space Shuttle)
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Space Manufact'ur_ng Facility

Solar Power Satelliteor SatellitePower Station

Solid Rocket Booster (Space Shuttle)

Space Shuttle_lain En_ne

Space ShuttleTransportation System

Theoretical First Unit

Terminal Tug

Urdversity of California at Los Angeles

Work Breakdcwn Structure

L_GLISH CONVERSIONS

|

1 kilo_am (kg) - 2--°05lb
1 meter (m) - 39.372 inches - 3o_81_t

1 ton - 1000 kg - 2205lb
I square meter -,10.T6square feet
1 micTometer (j_m) ,. 10.6 meters -, 10.3 millimeters
(ram) - 3.94 x 10-5 inches

°C - (°F-32) 3/9 - °K-2T3 °

I kilometer (kin) - 0.8214 mile

1 square kilometer- - 0.2861 square mile
I Zr-avitatioual constant (g) - 9.80_ misec 2 - 32.2
.:,ca

I New, on - 0_248 IbF

Newl:on-eecond/N- s_
Specific Impu/se (Isp) - kg \-_/

= 9.80_ (ISP in seconds)

Pressure - Y/cm 2 - 0.689 IbF/in -°
1 Pm - 1N/m 2
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APPENDIX A

Task 5.2 supplementary data, supporting development of lunar material requirements

in Volume II Section 3 of Final Report.

Appendix A contains two "sections.

A. 1 Estimate of SPS component level earth material requirements

Pages A-1 through A-10

A. 2 Development of equivalent lunar material requirements

Pages A-11 through A-42
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A. 1 ESTIMATE OF SPS COMPONENT LEVEL EARTH MATERIAL REQUIREMENTS

Reconciliation of summary material requirements shown in Table A-1, with the

component mass breakdown table for the JSC preliminary baseline shown in

Table A-2. Ten components have been evaluated.

A.I.I PHOTOVOL TAI C ARRA Y

REFRACT LIGIlT AROUND
GRID FINGERS "

MODULE-TO
MODULE INTER.
CONNECTION

CELL-TO-CELL
INTERCONNECTOR

._ON BACK OF CELLS, S0 pm THICK.
ELECTROSTATICALLY BONDED

SILICON SOLAR CELL. 5 CM BY 10 CM. 50 FM THICK. TEXTURED TO
PRODUCE OBLIQUE LIGHT-PATti. 2 f]-CM FOR HIGH EFFICIENCY,
N AND P CONNECTIONS ON BACK

CELL COVER OF 75 pM BOROSILICATE GLASS. ELEcTROSTATtCALLY BONDED IN HIGH-VOLUME
EQUIPMENT, CERIUM 0OPED TO GIVE ULTRAVIOLET STABILITY

INTERCONNECTORS: 12.5-_M COPPER. WITH IN-PLANE STnESS RELIEF, WELDED TO CELL COrJTACT$

Figure A-1. Low cost annealable blanket structure.

Data Source: Reference I, Page 124.

From Table A-2.

Glass Cell Cover Mass=28,313 7(_1= 16,988T (a)

Glass Substrate Mass = 28,313(.5--_0._= 11,325 T (c)
\±zo/
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Table A-l. I0 GW satellitesystem materials requirements *

Element

Energy Collection System

Structure

Solar Cells

Dis tribution

Misc. Components

Material Mass (T)

Gr-Ep 6,177

Aluminum 619

Glass 36,097

Silicon 14,775

Copper I,456

S. Steel 327

Aluminum 2,778

Copper 116

S. Steel 67

Silver 28

Various 3,209

Power Transmission System
l

Structure

Controls

Instrumentatlo n/Bus s

Amtenna Subarrays

Misc. Components

Gr-Ep 894

Aluminum 1, 850

Copper 1,761

S. Steel 3,449
Mercury (1) 266

Aluminum 1,077

Copper 1,686

S. Steel 1,686

Gr-Ep 5,462

Copper 5,755

S. Steel 2,2.18
Tungsten i,132

Various 4,665

TOTAL 97,550

(I) Closed System Heat Pipe Application Only

NOTE: Undefined component mass 7,874 Tj or 8% of totalmass of SPS

* Data Source: A recommended preliminary baseline concept, SPS concept
evaluation program, NASA JSC January 25, 1978

A-2
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Table A-2. Satellite mass summary.

SOLAR ARRAY

PRIMARY STRUCTIIRE

ROTARY JOINT (MECHANICAL)

FLIGIITCONTROL SYSTEM

THRUSTERS

MECHAN[CAL SYSTEMS

CONDUCTORS

POWER PROCESSORS

AVIONICS (INSTR, COMM, COMPUTERS)

ENERGY CONVERSION SYSTEr.I

SOLAR CELLS

SUBSTRATE AND COVERS

INTERCONNECTS

,JOINTISUPPORTTAPES

CAIErlARY

TOLERANCE _ OTilER

POWER DISTRIBUTION

POWER BUSSES

CELL STRING FEEDERS

,DISCONNECTSAND SWITCHC_EAR

ENERGY STORAGE

ROTARY JOINT (ELECTRICAL)

SUPPORT STRUCTURE

QUANTITY

1

2

4

160

4 SETS

4 SETS

12

4 SETS

20 x 109

78 x 105 PANELS

78 x 106 (I/PANEL)

256 SETS (1/BAY)

256 SETS (I/BAY)

3

163,00n

208

2

2

MASS, KG

51

5,385,000

66,800

179,000

(46,800)

(32,200)

(8,000)

(88,000)

4,000

43,750,000

(11,670,850)

(28,313.230)

(1,150.160)

(300,360)

(258,290)

(2,057,110)

2,398,400

(2,030,000)

(38,800)

(156,000)

(20,200)

(39,200)

(1!4,200)

,779,200

MICRnWAVE POWER TRANSMISSION SYSTEM

ANTENNA STRUCTURE

PRIMARY STRUCTURE

SECONDARY STRUCTURE

ANTENNA coNTROL SYSTEM

MPTS POWER DISTRIBUTION

POWER BUSSES

SWITCHGEAR AND DISCOrlNECTS

DC-DC CONVERTERS

THERMAL CONTROL

ENERGY STORAGE

SUPPORT STRUCTURE

2

2

2

122

24

3

912

456

456

SUBASS'YS

UNITS

25,223,200

500,000

(105.000)

(395,000)

11,000

5,866,200

(760.600)

(273,600)

(2,482,000)

(1,472,000)

(598,600)

(279,400)

SUBARRAYS (6932 x 2)

WAVEGUIDES

KLYSTRONS (97056x 2)

THERMAL CONTROL

CONTROL CIRCUITS AND CABLES

13,864

1,663,68n

194,112

194,112

194,112

SETS
SETS

18,846,000

(4,314,000)

(9,316,000)

(4,174,000)

(1,042,000)

TOTAL SATELLIIE MASS (10 GW OUTPUT) -

MARGIN (26.6%BASED ON UNCERTAINTYANALYSIS) -

IPREDICTED ACTUAL MASS
I

77,002,400 KG

20,482,638 KG

97,485,038 KG I

A-3



Table A-3. Photovoltaic array materials.

Material

(a) Glass Cover

(1o) Silicon Cell

(c) Glass Subs:rate

(n) Copper Interconnect

Total Mass

(Table A-1 )

(T)

21,658

14,775

14,439

1,456

Actual Mass

Requirement

(Table A-2) (T)

16,988

11,671

11,325

1,150

Mass Margin

(T)

4,670 27.5

3,104 26.7

3,114 27.5

306 26.7
!

A. 1.2 THERMAL CONTROL RADIATORS (TCLYSTRON)

2-COLLECTOR RADIATOR$- 0,246 M X 1.65 M (COPPER)

4 - CAVITY AND SOLENOID RADIATORS • 0,253 M X 1,71 M (ALUMINUM)

RADIATOR FIN

1,65 M

0,246 M ---..J

0,253 M

/ /
1.71 M -

/

CAVITY At;D SOLEt-OID SECTION:

300oc

HEAT PIPE TYPE-1.339 KG .M

WORKING FLUID- Hg

4HEATPIPES - 1.30KW FACH

RADIATOR - ALU:',;iNUM

0 - THICKNESS = .051 CM

--AREA = 0.432 t.12 EACIt

MASS (EACH) = 3.18 I(G

LLECTOR SECTION:
500oc

1.503 M

HEAT PIPE TYPE - 1.339 KG.';,I

, WORKING FLUID - Hg

2HEATPIPES 40 KW EACH

RADIATOR - COPPER

THICKNESS = i'} 0SG C,_,I

AREA = 0.406 :,12 F,_CH

MASS (EACH} = 3.03 KG

MASS/KLYSTRON = 18.9 KG

Figure A-2. Typ. Elystron module thermal radiator.

Data Source: Reference 2, Page 177 and 178

3
PAluminurn = O.002823 kg/cm

PCopper = O.008967 kg/cm 3

A-4
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MaSSAL =

MaSSAL =

MaSScu

MaSScu = 6.26 (194,112) =1,215T

Heat Pipe Length

0.002823 (0. 081) (0.432) (100)24 = 3.95 kg/Klystron

9.88 (194.112) = 767 T

= 0.008967 (0.086) (0.406) (100) 2 2 = 6.26 kg/Klystro_

RADIATOR
I i H ,,, . II r I II . . i I , i

" __/// FOR ;tHIS HEAT PIPE

K Ys o -HEATPIPE y./ S G E"-
T T ""'_" _ _ _f. t21¥1JLINITERMINATION IS IN C LE DED

WITH KLYSTRON ESTII_IATE

_H.P. = _Radiators

_H.P. = 4(1.71) + 2 (1.65)

_H,P. = 10.14m/Klystrom

MaSSH. P. = 1.339 (10.14) (194.112) = 2,636 T

Total thermal control mass = 767 + 1,215 + 2,636 = 4,618 T

This does not agree with the Table A-2 Klystron thermal control total of 4,174 T

due to an apparent error in the copper radiator weight estimate of Figure A-2.

If all the heat pipe fluid is included in the thermal control estimate the following

masses result:

Aluminum Sheet

Copper Sheet

CRES Tubing

Mercury

767 T (i)

1,215 T (1)

1,926 T (g) adjusted to agree with Table A-2

(should be ~ 2,370 T)

266 T(Other metals)

4,174 T

A-5



A. 1.3 THERI_IALCONTROLRADIATORS (DC-DC CONVERTER)

40M

-"- 9M

RADIATOR

-o

/

)
l DC-DC 1

CONVERTER I

218KW /

J

T = 5oc

T = 40oc

MASS FLOW = 10,930 KG/HR

Figure A-3. Active thermal control for DC-DC converter.

Data Source: Reference 2, Page 170.

Assume an aluminum radiator and aluminum tubing

""k./----,../""'k__ 0.122 cm sheet both sides

2
MaSsRa d = 0. 002823 (2) (0.122) (360) (100) = 2480 kg/DC-DC converter

MaSSRa d = 2,480 (456) = 1,131 T

Allow 5% for feed tubing = 57 T

Aluminum Sheet Radiator 1,131

Aluminum Tubing 57

Various _rransport Fluid_ 284

Pumps:Valves, Etc.)
i

1,472

t 1188 T (i)

T

A-6
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A. 1.4 KLYSTRONS

/---- MAIN SOLEtJOIO

/ % , / _ RF INPUT FROM
/ t CAVITY,SOLENOID HEATPIPE / \ SOLID STATE

/ _ EVAPORATORS ----_ i,_ / \ CONTROL DEVICE

----7/ °;7
!//4/! / \

CAVITY/SOLEt;OID HEATPIPES (4}

TO THERMAL RAClATORS
OUTPUT WAVEGUIDE o

I I I[ ' i_ : ' ! " ir,,:hesI I | t I i ; t i I i i i ', i : ¢;,-I

', O

Figure A-4. 70kW Klystron

TableA-4. Klystron mass estimate.

ITEM I MATERt:,L pRItjCW ".t. DrlIEr;SIOt':S ,C1.I) [ t,IASS _kq)

SOLEt'OID

WIRE

INSULATION

CAVITI ES ASGEMBLY

POLE PIECES (2}

SOLENOID HOUSIP,TG

CCPPER

ALUMINA

COPPER

IROi',_

STEEL

OD = 11.4 ID = 7.6. L - 41.9

(75% OF ,_OLE_,;OID VOLtJ'.!E)

(5% OF SOLEt,OID VOLUME)

O - 7,6. L = 41.9, Z = 0.95

D- 15.2. d=2.5, Z-1.02

D- 12.7, L = 41.9. Z- 0.32

COLLECTOR PLATES

PLATE 1 (LWR}

PLATE 2

PLATE 3

PLATE 4

PLATE 5

PLATE 6 (UPP)

PROSE

COLLECTOR PLATE ISOLATOR

COLLECTOR SECTIO, _-' COVER

TUt_GSTEtJ

Tur.,GSTEt:

TUP,'GSTErJ

TUr;GSTEtJ

TUt;GSTEr4

TUrJGSTEN

TUt4G_,TEN

ALUMI_'JA

STEEL

D- 15.2, d=5.1, H=0.0. t=0.33

D = 15.2, d = 5.1. H - 1.0, t = 0.3,3

O = 15.2, d = 5.1. H = 1.3, t = 0.15

D,= 15.2. d = 5,1, H = 1.5, t = 0.C3

D - 15.2, d = 5.1, H = 1.C.. t = 0 C8

D = 15.2, d = 5.1. H = 2.0, t = 0.23

O - 2.5, d =0, H = 3.8, t = 0.15

OO = 18.3. ID = 15.2, H = 15.5. t = 1.22

D - 20.3, H = 19.1,: = 0.13

OTHER COMPONEPJTS:

REFQCUSItJG CCIL, HEAT PIPES, HI-VOLTaGE CERAMIC SEALS, MCOULATI;'G

ANODE corJNECTOrL CATHODE coFq':ECTOC..=:EATER, OUTPUT WAVEGUIDES (2)

VAC. ION COtJt-:ECTOR, CAVITY TU,','ItJG Pr:.OVlSlO_'3. [:'TERt,;AL CAP-LIP;G,

ETC., At;D AS,_E:.;3LY Arid I:*:STALLATIOr: HARD.';ARE.

16.4

16.0

0.4

7.4

2.8

4.2

4.6

1.7

1.0

0.5

0,2

0.2

1.0

2.9

2.0

7.7

(t.C kq

Data Source: Reference 2, Page 172

A-7



Copper Wire

Copper Parts

Iron

CRES Parts

Tungsten (W)
Aluminia

Other

16.0 (194,112) = 3,106

7.4 (194,112) 1,436

2. 8 (194,112) = 544 [

6.2 (194,112) 1,203

4.6 (194,112) = 893 T

3.3 (194,112) = • 640

7.7 (194,112) =1,494

9,316 T

4,542 T (e) (j)

1,747 T (k) (m)

Other Metals

2,134 T Various

(Table A- 2)

It appears that the section of heat pipe from the Klystron to the radiator has been

inadvertently omitted from the mass estimate. This CRES tubing len_h is (from
Section A. 1.2)

_HP = 0.5 (1.15) _Radiators

_HP = 0.58 (10.14)=5.85 @1.339 kg/m

MassHp = 1.339 (5.85) (194,112) =1,522T

This has been included as CRES margin.

A. I.S DC-DC COh'VERTER

From Table A-2, Mass = 2,482 T

Converter components have been estimated as indicated in Table A-5.

_ I

V

Table A-5. DC-DC converter material," requirements.

DC-DC

Converter

Component
Transformer

(SEN'DUST)

Transformer

Winding

Electronics

Controls &

Packaging

•Percent Code

of Total " Material or

Mass Requirements Rank

40% 5 Percent Alum (i)

10 Percent Silicon Various

8S Percent Iron (k)

3S% Copper Wire (e)

Material

Mass (T_

Required
50

99

844

868

25% Various Various 621

Silicon has been listed as various, but sufficient silicon mass margin is available

(3104 T) to encompass this requirement.
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A. 1.6 I_IPTS WAVEGLrIDES

k._/

T"APEZO,OA WAV GU,DE

004,
_. 9.094 CM --"_"r'lJ--_ ===_

9.554 CM _' "uJ0.041CM

STRUCTURAL MAT'L: GR-EP -SPLY

CONDUCTING MAT'I.: ALUMINUM (T = 6.67 _M)

PER SUDARRAY TRAPEZOIDAL

MASS OF GR-EP : 234.5 KG
MASS OF ALUM,: o 9,3 KG
MASS OF WAVEGUIDE 243.8 KG

UNASSEMDLED PACKIt'G MASS DENSITY: 1568.4 KG/M 3

VOLU;,CE OF ASSEMOLED WAVEGUIDE: 6.97 M3

ASSEM3LED PACKING MASS DENSITY: 35.0 KG/M 3

MASS/AI'JTENNA: 1690.0 MT

Figure A- 5.

Data Source: Reference 2, Page 175

From Table A- 2

Graphite Composite Mass = 4,314

Aluminum Coating Mass =

A. 1.7 ROTARY JOINT (Mechanical)

Data Source: Reference 3, Page 23

MaSSGraphit e

MaSSAlum =

MaSSvariou s

Trapezoidal waveguide.

(234.5_ = 4,149 T (f)
(243. S)

4,314 _ = 165 T (i)
(243.8)

= 1.1 (8.79+18.38) 2=60 T

1.1 (0.3+ 0.55+ 0.55+ 0.3+0.1) 2= 4T

= Remainder = 3 T
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A. 1.8 PRIMARY STRUCTURE (Graphite Composite)

Date Source: Reference 3, Page 87

Graphite Thermoplastic

Aluminum Fittings

Steel Fittings

0.91 (5385)= 4900 T (d)

0.09 (5385)-- 485 T

0.01 (5385) = 0

v

A. 1.9 ROTARY JOINT (Electrical)

Data Source: Reference 3, Pages 45 and 46

Masssilver = 1.05 (10.74) 2= 23 T

MaSSGraphite = 1.05 (0.51) 2 = 1 T

MaSSvariou s = Remainder = 15 T

A. 1. i0 cONTROL CIRCUITRY AND CABLES

Assume 67% copper wire = 0.67 (1,042) = 698 T (e)

Remaining 33_ is insulation,

end fittings, and various = 0.33 (1042) = 344 T

The material requirements matrix sho_ua in Table A-6 was generated using satel-

lite mass summary data and material requirements information developed in the

preceding ten subsections. Some discretion was employed in completing this matrix to

provide reasonable agreementwith the NASA-JSC documented totals and the 26.7 per-

cent material margin. Masses of discrete components are identified in Table A-6 by

use of alphabetic superscripts. These components plus smaller amounts of similar com-

ponents and material matins were collected and ranked into the fifteen discrete material

products listed in Table A-7.

A. 2 DEVELOPMENT OF EQUIVALENT LUNAR MATERIAL REQUIREMENTS

Each earth material application in Table A-7 was investigated to determine

reasonable alternative methods of providing the same function with lunar derived

materials. This investigation included development of equivalent material

, A-IO



Table A-6. SPS earth material requirements mass breakdown.

SPS Components

SOLAR ARRAY

Primary Structure

Rotary Joint (Mechanical)

Flight Control System

"[llrusters

Mechanical Systems

Conductors

Power Processors

Avionics (Instr. Comm. Computers)

Energy Conversion System

Solar Cells

Substrata and Covers

Interconnects

Joint/Support Tapes

Catena_T

Tolerunce & Other

Power Distribution

Power Busses

Cell String Feeders

Disconnects and Switchgear

Energy Storage

Rotary Joint {Electrical)

Support Structure

MICROWAVE POWER TRANSMISSION SYSTEM

Antenna Structure

Primary Structure

Secondary Structure

Antenna Control System

M PTS Power Distribution

Power Busses

Switchgcar and Disconnects

DC-DC Converters

"llmrmal Control

Energy Storage

Support Structure

Suharrays

Waveguides

Klystrons

"llmrmal Oantrol

Control Circuits and Cables

Margin ( _ 26.7_,)

"IOTA I, (Ref Table 3-9)

Fused

Silica

Glass

(a) (c)
28,313

(a_ (e)

181

7,603

(b)

Silicon

Solar

Cells

11.671

3,104

Graphite

Comp

(d)

4,900
(o) 60

1

(o) 114

(o) 105

(o} 395

(o) 279

(f)4, 149

(c)

(n)

1,150

(e)

(c)

39

CRES

47

32

258

258

36,097 14,775

2,530

12,533

(e)0)
4,542

(I) 1,215

(c) 698

2,254

868 _e) 844

fk) tm)
1,747

(g) 1,926

(!)2,635

I 0,774 7,747

(1) 51.5_)_,, (2) '" (3) (4)16.1 ,,,,. 20.6_,, 19.8_,

Other

Metals

(Ag) 23

(W) 893

(llg) 260

(3) 244

Various

88

4

1,919

156

20

15

11

274

720

284

599

2,134

344

(4) 1,303

1,426 7,874

Ref Table A-2)

Total

5,385

67

179

43,750

t 2, 39F8

500

11

5,866

18,846

20,548

97,550



Table A-7. SPS earth material mass ranking and application.

RANK

(a)

(b)

(c)

(d)

(e)

(i%

(g)

(i)

O)

Ck_

(I)

(m)

(n)

(o}

MASS

(T)

21,658

14,775

14,439

6,208

5,980

5,257

3,892

3,535

2,749

1,820

1,758

1,539

1,524

1,456

1,210

87,800 T

PERCENT

OF TOTAL

SPS MASS MATERIAL

22. 2

15.1

14.8

6.4

6.1

3.6

2.8

1.6

1.6

1.5

1.2

Borosilicate Glass

Silicon

Fused Silica Glass

Graphite Composite

Copper Wire

Graphite Composite

CRES Tubing

Aluminum Sheet

Aluminum Sheet

Copper _Iach Part)

Iron

Copper Sheet

CRES (Mach Part)

Vacuum Deposited

Copper

Graphite Composite

90.0_

APPUCATION

Photovoltaic Cell

Covers

Solar Cells

Photovoltaic Cell

Substrate

Primary Structure

for Solar Array

Klystron & DC-DC

Converter Coils,

Power Cables

M PTS Waveguides

Heat Pipe for

K1ystTon Radiators

Power Transmission

Busses, Array &

MPTS

Klystron & DC-DC

Cony. Radiators

K1ystron Solenoid

eavity

Klystron Solenoid

& Transformer for

DC-DC Converter

Klystron Collector

Radiators

K1ystron Housing

Solar Cell Inter--

Connects

MPTS Antenna &

Other Structure

of Total 97,550 T Earth Baseline SPS

PERFORMANCE REQLq'flEMENTS

StructuralSupport, LW Stability,
Emittance, Radiation Protection

Energy Conversion Efficiency,

Radiation & Thermal Degradation

StructuralSupport, Thermal Control

StructuralStif_ess, Buckling Strength,

Thermal Stability

Electrical Conductivity, Resistance,

Field Strength

Microwave Transmission, Dimensional

and Thermal Stability

Contain Mercury Transport Fluid,

High Temperature

ElectricalConductivity

Thermal Conductivity, Surface

Emissivity

Electrical Conductivity, Non-

Magnetic, Mercury Compatibility

Magnetic Properties

Thermal Conductivity, Surface

Emissivity, High Temperature

Non-Magnetic, High Temperature

Electrical Conductivity, High Tempera-

ture for Array Annealing

Structural Stiffness, Thermal Stability,
Electrical Insulator
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requirements.

information:

1)

2)

The following procedure was employed to obtain this

Determine what percentage (by weight) of the earth baseline material

requirements can be directly satisfied with lunar resources.

Postulate substitute materials which will allow a higher percentage of

lunar resource utilization and/or improved in-space production capability.

Determine how much more of these substitute materials are required to

meet the various performance requirements of the earth baseline materials,

such as:

• Structural stiffness(graphite composite)

• Electrical conductivity (power busses, klystrons)

• Radiation protection (glass covers)

• Energy conversion (solar cells)

• Heat dissipation (radiators)

• Dimensional stability (MPTS waveguides)

The substitute lunar derived material mass requirements are defined

by the ratio of important performance parameters:

Lunar Material 1Performance Parameters

Earth Material _]Performance Parameters
I Lunar material ]Performance F

Factor J

a) BOROSILICATE GLASS PHOTOVOLTAIC CELL COVERS

A silicon solar cell must be provided with a cover to increase front-surface

emittance from approximately 0.2S to 0.85 and to protect the cell from low-

energy proton irradiation. Cerium-doped borosilicate glass was selected

as the Earth baseline cover material because its Earth production cost is

only a fraction of the best alternate, 7940 fused silica, it matches the coefficient
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of thermal expansion of silicon, and yet resists darkening by ultraviolet light.

Borosilicate or fused silica glass can be electrostatically bonded to silicon to

form a strong and permanent adhesiveless joint.

1 Earth Material Composition Data Source: Reference 1, Page 123

Cerium-doped borosilicate glass consists of the following ingredients:

Material

* Boron

* Lithium

Potassium Oxide

Alumina

Silica ( SiO 2 )

Oxygen

Constituent Percent

by Weight

8.69%

0.56%

O. 5%

1.1%

70.0%

Remainder

Available in

Lunar Resources ?

Yes, but only in few

parts per million

Yes, but only in few

parts per million

Yes, but only in

hundredths to low tenths

of 1%

Yes

Yes

Yes

* Metallic component of oxides'present in the glass

While the majority of borosilicate glass ingredients are available in lunar

resources, approximately 10% of this most massive SPS material must still

be obtained from earth.

Step 2 Lunar Resource Substitutions

As indicated above, fused silica is the best altern.ative to borosilicate glass, and

has the advantage of being available from lunar materials. Fused silica is

very resistant to darkening by ultraviolet radiation.

step 3 Percent of Substitute Materials Required

Since the density and required thickness of fused silica and borosilicate glass

are equal, the lunar derived cover material may be directly substituted for the

Earth baseline without any mass increase.

A-14



Recommendation: Use fused silica cover material with a mass equivalent

to the Earth baseline cerium-doped borosilicate glass. All material (SiO2)

is obtained from lunar resources.

b) SILICON SOLAR CELLS

The Earth baseline SPS assumes the use of 50 _m thick silicon solar cells.

Similar cells recently made by Solarex had an air-mass-zero efficiency of

12.5 percent without a back-surface field or anti-reflection treatment. The

Earth baseline cells employ sun-facing surface texturing which improves

photon collection efficiency, when compared with thicker ceils, by lengthening

the light path in silicon for infrared photons, and also improves radiation

resistance. Each solar cell measures 5 x 10 cm and is produced as a wafer

by slicing a single crystal of silicon.

Data Source: Reference 1, Page 123

Step. 1 Earth Material Composition

Silicon solar cells are produced from very high purity silicon with minute

quantities ( ~10 ppb) of Group III and Group V (n and p) elements used as

dopants.

Step 2 Lunar Resource Substitutions

Since the silicon required to produce solar cells is abundant in lunar materials,

there is no need to define substitute lunar materials. It is important, however,

to evaluate alternative silicon solar cell manufacturing techniques to evaluate

the effects of in-space processing applicability and photovoltaic cell efficiency

on overall silicon mass requirements. Three techniques have been proposed

for large scale production of silicon solar cells.

1) Sliced silicon crystals (earth baseline) - large diameter single silicon

crystals of approximately 15 cm diameter are cut into wafers, polished,

sorted and tested. These are labor intensive operations which produce

a very high percentage of waste (which is recyclable).

"4.
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2) Silicon crystal ribbons - A single crystal ribbon (50_m thick x S cm wide)

is continuously grown and cut into 10 cm lengths. Polishing, sorting

and testing operations are still required, but are somewhat less labor

intensive since material waste and recycling is substantially reduced.

This process is experimental, but should eventually provide electrical

conversion efficiencies equivalent to the baseline.

3) Amorphous silicon sheet - A sheet of silicon is formed by chemical vapor

deposition using a fully automated process (non-labor intensive) ideally suited

for in-space operations. Unfortunately, the maximum energy conversion

efficiency that has currently been achieved with this technique is ~ 50%

of the baseline. While improvements are expected, it is doubtful that

single crystal efficiencies can be attained with amorphous sheet. If

this production technique were adopted the SPS photovoltaic array area

would have to be increased substantially. This increase would impact

material requirements for glass covers, substrate, and the array support

structure as well as silicon. It also constitutes a redesign of the SPS

which is not within the scope of this study.

Step 3 Percent of Substitute Lunar Materials Required

Assuming that either manufacturing methods t) or 2) above will be used, the

quantity of lunar silicon required is identical to the quantity obtained terrestrially

for the Earth baseline.

Recommendation: Use identical silicon solar cells with all material obtained

from lunar resources.

c) FUSED SILICA GLASS PHOTOVOLTAIC CELL" SUBSTRATE

Glass was chosen as the Earth baseline substrate to enable annealing of radiation

damage by heating. With all glass-to-silicon bonds made by the electro-static

process there are no elements in the blanket which cannot withstand the 500°C

(931°F) annealing temperature which at present seems to be required.

Data Source: Reference 1, Page 125

V
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Step 1 Earth Material Composition

Fused silica glass is produced from 99.9+% pure silicon dioxide (SiO2).

Step 2 Lunar Resource Substitutions

Since the SiO 2 required to produce fused silica glass is abundant in lunar

materials, there is no need to define substitute lunar materials.

Step 3 Percent of Substitute Lunar Materials Required

The quantity of lunar fused silica required is identical to the quantity obtained

terrestrially for the Earth baseline.

Recommendation: Use identical fused silica glass substrate with all material

obtained from lunar resources.

d) PRIMARY SOLAR ARRAY GRAPHITE COMPOSITE STRUCTURE

The SPS structural design proposed by the Boeing Company, from which

JSC's baseline was obtained, assumes a space erectable structure of graphite

epoxy with aluminum end fittings. Work has been conducted for JSC by General

Dynamics Convair on in-space fabricated composite structures made of graphite

and E-glass fiber with polysulfone thermoplastic resin. Due to the applicability

of this material for automatic in-space fabrication of very large structures, and

the degree of attention this concept is receiving, we employed it as the assumed

SPS earth baseline nmterial.

The following ground rules were followed for evaluating lunar substitutes for

graphite composite material:

1.

.

The baseline SPS array structure selected for construction with earth

material was a graphite/glass/thermoplastic composite per JSC Contract

No. NAS9-15310. This composite consists of a unidirectional graphite

core, woven E-glass facings, and polysulfone resin. The designation for

this composite is 120/7053/120.

It was assumed that the SPS structural configuration should not be optimized

or significantly revised for lunar material substitution. To maintain

equivalent structural stiffness, which is usually the predominant design
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condition for large space structures, beam stiffness (modulus x area)

and post stiffness (modulus x moment of inertia) must be held constant.

Fortunately, for typical beam post configurations, area and moment of

inertia are approximately proportional. Initial material replacement

investigations assumed no redesign (diameter revisions) of structural

members. Subsequent activities investigated redesign of individual

structural members to more efficiently utilize the substitute lunar materials

while retaining overall array geometry (node-to-node) and structural stiffness.

Candidate lunar construction materials include silica glass, glass fiber

composite with thermoplactic resins (earth_, glass fiber composite in a

metal matrix (all lunar materials), and metal structure.

Step 1 Earth lVIaterial Composition

The !20/7053/120 composite material consists of the following ingredients:

Material

120 Glass

Fabric

Graphite/
Glass Fab-

ric

Polysulfone

Resin (P-

1700)

Ply
Data

2 plys @
O. 010 cm

3 plys @
0. 019 cm

Con stituent s

% Volume

E-glass i00_

E-glass 5%

Graphite 95%

IResin 100%

Total

% Volume

17%

40%

43%

Densit_
(g/cm _)

2.547

1.993

1.246

Material Percent

by Weight

24.6% E-Glass

45.1% Graphite

30.3% Polysulfone

The only material in this graphite composite which is available in lunar resources

is E-glass. The remaining 75.4 percent material mass must come from earth.

This graphite composite has an elastic modulas of 143.1 GPa and a density of

1. 766 g/cm 3.

Step 2 Lunar Resource Substitutions

Using structural stiffness as the primary performance criteria, and by assuming

no redesign of structural members or overall arrangement i. e., "direct" material

substitution:
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_1_ _

i ......

(EA) Graphite = (EA)substitute

Composite Material

where A is proportional to

WSubstitute = P Graphite Composite W Graphite

Material Composite ESubstitute Compo site

W

P

W = Total mass of specific material used for manufacturing a SPS component

E = Modules of elasticity (GPa)

A = Structural member cross-sectional area

p = Material density (g/cm 3)

Glass Polysulfone Composite

A composite consisting of 60% by volume S-glass and 40% polysulfone thermoplastic

resin was assumed. The S-glass is90 percent unidirectional.

Material

S-glass

Polysulfone

Resin (P-1700)
i

Composite

E-Elastic

Modulas

(GPa)

47,3

Percent

Volume
Density

(g/cm 3)

2.491

1.246

1.993

Material

Percent

by Weight

75%

25%

i

|

|
|

(,..3)( ..3.)W Glass 1.766 47.3 Graphite

Polysulfone Composite

-- 3.41 W
, Graphite

Composite

The equivalent lunar and earth material requirements for this substitute

material are contained in Table A-8.

Pure S-Glass

Structural members are entirely manufactured from hi-stren_h glass, perhaps

using the geodetic beam in-space construction technique under development at

NASA-JSC, or a foamed glass with gaseous oxygen filled bubbles.
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(2,9,)(W Glass _. 7-'_ "
143.1

85.5

= 2.36 W
Graphite

Composite

W Graphite
Composite

All of this material could be obtained from lunar resources as shown in Table A-8

Pure Aluminum

Triangular structural members of aluminum could be manufactured in-space

using the metal beam builder concept under development by NASA-MSFC.

1.766 72.4 - Graphite
Composite

= 3.02 W
Graphite

Composite

All of this material could be obtained from lunar resources as shown in Table A-8

Pure Titanium

Same as aluminum except:

= ( 4.54 )( 143.1 ) WGrsphiteW Titanium I. 766 106.9

Composite

= 3.44 W
Graphite

Composite

Unidirectional S-Glass Aluminum Matrix Composite

Stock material would be manufactured by physical vapor deposition of aluminum

onto a unidirectional S-glass roving. An aluminum type beam fabricator would

be used for in-space construction. A 60 percent fiber content by volume has

been assumed for this composite.

Material

S-Glass

Aluminum

Matrix

Composite

E-Elastic

Modulas

(GPa)

85.5

72.4

80.3

Percent

Volume
Density
(g/cm 3)

2.49

2.70

60%

40%

2.57

Material

Percent

by Weight

57.0%

43.0%

V
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k.J °oassj(207)(1 31) wAluminum 1.766 80.3 Graphite
Composite

= 2.60 W
Graphite

Composite

Both of these material requirements are satisfied by lunar resources as shown

in Table A-8.

Unidirectional S-Glass Titanium MatrLx Composite

Manufacture of this composite would be accomplished by the same technique

previously suggested for the S-glass aluminum composite.

Material E-Elastic

Modulas

(GPa)

85.5

106.9

S-Glass

Titanium

Matrix

Percent

Volume

60%

40%

Density

(g/cm 3)

2.49

4.54

Material

Percent

by Weight

45.3%

54. ,-c7d',C

Composite 94.0 -- 3.31 --

WGlass/ = (3.31)( 143.1 ) WGraphite
Titanium 1.766 94.0 Composite

= 2.85 W
Graphite

Composite

Both of these material requirements are satisfied by lunar resources as

summarized in Table A-8.,

Step 3 Percent of Substitute Materials Required

Results of this evaluation are contained in Table A-8. As indicated for the

glass polysulfone composite, the weight of resin whic h must be imported from

earth is almost equal (85%) the total baseline graphite composite requirement.

It is very unlikely that any economic advantage for lunar material utilization

can be realized unless earth constituents are reduced to a much smaller

percentage of ori_nal baseline requirements. The other candidate substitute

o-

k../
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Table A- 8.

[i i i

MATE RIA L COM PARISON

>
!

bo
[,o

• i

Material

Property

EAxia I (GPa)

P (g/em 3)

O!x (#m/m/
° C)

Equivalent

Mass Required

From Earth

From Moon

Total

(_X Air Mat'l

(_X GrapMte-Poly

Earth

Baseline

Graphite

Polysulfone

120/7053/120

143.1

I.766

-0. 380

1. O0

0

1.00

1

90% Uni

S-Glass

25% Resin

47.3

1. 993

+4.16

0.85

2.56

3.41

11

Possible Lunar Material Substitutions

I

PureS-Glass

85.5

2.49

+2.88

0

2.36

2.36

7.6

Pure

Aluminum

72.4

2.70

*22.32

0

3.02

t

[ 59

Pure

Titanium

106.9

4.54

49.54

0

3.44

3.44

25

Unidirectional

S-Glass

Aluminum Matrix

80.3

2.57

+9.90

2.60

2.60

26

Unidirectional

S-Glass

Titanium Matrix
$

94.0

3.31

+5.90

0

2.85

2.85

16
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materials can all be completely obtained from lunar resources. The total

mass reqtiirements for these lunar substitutes, however, substantially exceed

the original Earth baseline requirements. Also, except for glass, their coefficients

of thermal expansion are considerably higher than the graphite polysulfone

Earth baseline.

The most appropriate lunar resource substitute for graphite composite primary

structure is glass. It has the lowest coefficient of thermal expansion of any

lunar derived structural material, has a modulas of elasticity higher than that

for aluminum, and has reasonable good strength characteristics. Its principal

drawback is a tendency to shatter when impacted or penetrated. This unaccept-

'able failure mode can be tolerated if the fracture length is sufficiently con-

strained by the size of elements and their redundancy in the structural member.

Two glass construction concepts have been identified which satisfy this require-

ment:

1)

2)

The geodetic strut, shown in Figure A-6, has a large number of short,

redundant load carrying elements. Thin glass rods can be used for these

elements since multiple fractures can be structurally tolerated as 10ng

as they do not propogate through the element nodes.

Longitudinal Elements

Diagonal Elements

Fused Nodes Join

Elements

Figure A-6. Geodetic strut configuration.

Employ foamed glass, in which a very large number of tiny bubbles

create a cellular structure which limits crack propogation to the locally

damaged area. Structural members would probably be formed as relatively

thin wail foamed glass tubes. A common material similar to foamed
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glass is pumice, a low grade volcanic glass which has been frothed by

water vapor. Oxygen is a potential foaming gas which can be obtained

from lunar resources.

Based on the inherent attractiveness of foamed glass as a graphite thermoplastic

replacement, a preliminary structural member resizing investigation was

conducted. The assumptions used for this analysis were as follows:

1) S-glass with the structural properties shown in Table A-8.

2) Bubbles of uniform diameter created by low pressure gaseous oxygen

were assumed to be distributed in rows and columns.

3) The effective load carrying material lies outside a cylinder with a

diameter 0. 707 times the bubble diameter.

Applying these assumptions, it was found that the foamed glass could consist of

a maximum of 50 percent bubbles by volume, and had an effective (AE)foame d =

0.88 (AE)solid. Applying this relationship to the critical SPS array structure

desi_ conditions of reference 5, page 83;

Critical buckling load = 12,824 N

Beam Length = 660 m

It was found that a larger 4.3 m diameter foamed glass tube could withstand

both general and local instability criteria with a mass 1.9 times greater than

the baseline 0.34 m diameter graphite composite beam elements.

Further mass improvements are expected if a larger foam factor is used. An

improved foam factor can be obtained by assuming hexa_onal bubble nesting,

which is also physically more realistic. Since direct material replacement

with glass results in a factor of 2.36 (from Table A-8 ) and preliminary conservative

indications of member resizing for foamed glass result in a factor of 1.90, it

may be safely assumed that a realistic factor lies between these two values.

Recommendation: Use foamed glass thin wall tubular structural members with an

assumed mass approximately 2.0 times the Earth baseline graphite thermoplastic

primary array structure. All material (glass and oxygen) is obtained from lunar

resources. If bubbles are created using 14 kPa oxygen at 530°C (approximate

glass softening temperature), the oxygen mass is less than 0.1 percent of the

glass mass.
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e) COPPERwIRE

The Earth baseline SPSemploys copper wire in the klystron solenoids, DC-

DC converter coils, and as power transmission and control cables in the micro-

wave power transmission system. Electrical conductivity is the primary function

inherent in all these applications. The highest temperature environment for

these applications occurs in the Idystroa solenoid which has an operating

temperature of 300°C(573°K).

Step 1 Earth Material Composition

Electrical conductors consist of copper alloy 1350, (fomerly EC g-rade), a high

purity (99.99 + %) copper. All of this material must be obtained from Earth

since lunar resources do not contain more than 10-30 parts per million of copper.

Step 2 Lunar Resource Substitutions

The best electrical conductor available from lunar material is aluminum.

Although its conductivity is slightly lower than that for copper, aluminum's

density is considerably less, which results hu reduced aluminum mass required

to transmit an equivalent amount of electrical energy. Aluminum's only

potential disadvantage is its lower melting point; for certain high temperature

applications it may be unsuitable. In this instance, however, sufficient maria

exists between aluminum's melting temperature (933°K) and its maximum use

temperature (573°K) to alleviate any concern.

Step 3 Percent of Substitute Materials Required

WAlumtnum  oino ElectCond)copperPCopper K Elect. Cond. WC°pper
Aluminum

)( ) Wcopper"Copper_-_WAluminum = 2.70 5977.3 = 0.479
8.94 3766.8

Recommendation: Use pure aluminum conductor with a mass 0. 479 times that of

the Earth baseline copper wire. All aluminum material is obtained from

lunar resources.
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f) GRAPHITE COMPOSITEMPTSWAVEGLrIDES

The Earth baseline MPTS waveguidesare manufactured of g-raphiteepoxy with

an internal conductive surface of aluminum. A trapezoidal cross-section,

shownin Figure A-7 was selected to provide high packing density for these earth

manufactured/space assembledwaveguides. Earth manufacture was selected

due to the close dimensional tolerances required as shownin Figure A-7.

v

WAVE GUIDE RUN

LENGTH

WAVE GUIDE WIDTH

* 30 M!L,5 t; //'_ ....

+ 3MILS --j _

0.328 CM _

' i/
_1 It ,'L--.

0.041 CrA ._.

9.'094 CM --_--I_,__ _

STRUCTURAL MAT'L: GR-EP -SPLY

CONDUCTING MAT'L: ALUMINUM (T = 6,67 #M)

SLOT TOLERAt:3E LEN,3T_4 & SPACING + 2 MILS

Or=SET : 5 MILS

MAXIMUM GAP • 25 "

BETWE E,_; 5UBARRAYS

TILT OF SUBARRAY

SUBARRAYSURFACE

0.1 "_--_-__ 0._"

_" 50 MILS

FigureA-7. Waveguide configuration and dimensional tolerances

Data Source: Reference 2, Page 165, 174 & 175

Step i Earth Material Composition

Since the waveguide's internal vacuum deposited aluminum coating is separately

considered in category (i), the waveguide structure consists entirely of g-raphite

fibers in an epoxy resin.
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Material

VSB-32T

Graphite

Epoxy
Resin

Composite

Ply Data

8 Plys @
0. 005 cm

Total Density

% Volume (g/cm 3)

63%

37%

1.993

1.273

1.727

Material Percent

By Weigaht

72.8% Graphite

27.2% Epoxy

These materials are available only from terrestrial resources; none can be

obtained from the moon.

Step 2 Lunar Resource Substitutions

In-space manufactured substitutes employing lunar resources must be capable
J

of meeting these dimensional tolerances over the operating temperature range of

the MPTS antenna. This temperature range (AT) depends on the antenna's

attitude relative to the sun and the local microwave power intensity as shown in

Figure A-8. The sun on the front side minus sun on backside AT is relatively

low (less than 50°C) in the outer uninsulated portion of the antenna, but exceeds

200°C in the antenna's power intensive center portion, which has insulation

between the waveguides and klystron radiators. The dimensional effect of

this large AT is offset by the shorter waveguide lengths used in the high

power intensity modules (30 to 36 ldystrons per module) located in the center

of the antenna.

The maximum permiss ible coefficient of thermal e.xpansion (CTE max )

for MPTS waveguide material has been determined for the 30 klystron module

in the Step 2 insulated portion of the antenna.

CTE max = -- 3.78 _m/m/°C

°

Where: AL = 0.152 cm (6 mil) from Figure A-7

AT _ = 403.1 °C-m from Figure A-8.
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AT L 3 24.3

2

203

1. 986

403.1

3

44

2.482

I09.2

4

34

1:986

67.5

26

2. 482

64.5

6 7 8

20 15 12

3.309 4.964 4.964

66.2 74.5 59.6

9 ]0

9 7

4.964 4.964

44.7 34.7

Data Source: Reference 2, Page 188

Figx_re A-8. MPTS waveguide heating conditions.

A-28



x.j

r

CTE values for replacement _oTaphite composite materials were obtained

during investigation of primary solar array structure and are listed in Table

A-8. This data indicates that the only lunar resource derived substitute

material which meets the wavegxtide CTE requirements is silica glass, with

C_x= 2.88 flm/m/°C

Step 3 Percent of Substitute Materials Required

Assuming that glass of equal thickness (0. 041 cm) is used to replace the graphite

epoxy wave_oxddes, the mass of glass required is determined by the density ratio:

/P_lass _ = ( 2.491 ) W
Wgraphite graphite

Wglass_. _Pgraphite] epoxy 1._27 epoxy

\ epoxy /

Wglass = 1.44 W graphite

epoxy

Thin glass wave_oxtides with a vacuum deposited aluminum conductive surface

can be entirely derived from lunar resources with a mass only 1.44 times that for

the earth baseline. The potential disadvantage of thin glass wave,ides is

fracture propagation (shattering) due to construction handling or meteroid

impact. This problem can be elleviated if thicker foamed glass is used instead

of thin sheet glass. Oxygen is a potential foaming gas which can be obtained

from lunar resources. If foamed glass is employed, the waveg'uide wall

thickness can be increased while the overall wave_ide mass is held equal to or

less than that for the earth baseline.

Recommendation: Use foamed glass waveguides with a mass equivalent to

the earth baseline graphite epoxy waveguides. All material (glass and oxygen)

is obtained from lunar resources.

g) CRES HEAT PIPE TUBLNG

The Earth baseline SPS employs CRES heat pipes with mercury transport fluid

to dissipate klystron losses. The heat pipe evaporators, an integral part of

the klystron, pick up the waste heat for transfer to the radiator. The klystron

thermal radiator has six sections, two small sections for the collector and the

four larger ones for the cavities and solenoid. Six independent heat pipes
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perform the energy transfer from each klystron to these radiator sections.

The collector section radiates at 500°C(773°K)andthe cavity/solenoid section

at 300°C(573°K).

Step 1 Earth Material Composition

An austenitic stainless steel such as 304L has been assumed for heat pipe

tubing. The elemental constituents in this material are:

Material

Chromium

Nickel

Manganese

Silicon

Carbon

Iron

Constituent Percent

By Weight

18.0 - 20.0

8.0 - 12.0

2.0 Max.

1.0 Max.

0.03 Max

Available in

Lunar Resources ?

Yes, but only in 0.05%

to 0.35% concentration.

Yes, but only 100 - 300

parts per million.

Yes, but only in 0.05%
to 0.2% concentration.

Yes, but not needed.

Yes, but only 100 - 200

parts per million.

Balance Yes

CRES 304 L density = 7.95 g/cm 3

While the major constituent of 304L {70% iron by weight) is available from

lunar resources, a significant percentage of this SPS material requirement

(approximately 20% chromium and 10% nickel} must be obtained from Earth.

The performance requirements which the heat pipe material must satisfy are

as follows:

1) Mercury compatibility at 500°C.

2) Non-magnetic in the vacinity of the klystron to preclude field interruptions

and beam defocusing.

3) Reasonable thermal conductivity to provide heat transfer from the mercury

transport fluid to the space radiator.
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Step 2 Lunar Resource Substitutions

Lunar derived materials from which tubing could be manufactured include

quartz glass, aluminum, titanium, iron, and alloys of these materials. The

primary performance requirements are mercury compatibility in a 500"C

operating environmentjreasonable thermal conductivity, and non-ma_etic

properties. Table A-9 provides an assessment of these candidate materials

against these performance requirements.

Candidate

Material

Aluminum

Titanium

Iron

Copper
Coated

Aluminum

9 Cr-1 Mo

Steel

Sicromo 5S

Croloy 5 Si

Quartz

Glass
I

Table A-9 . Heat Pipe Material Evaluation

Densit_
(g/cm _)

2o 70

4.54

7.87

2.75

iMelting
!Temp(C)

660

1,660

I,535

660

Mercury

Compatibility

at 500°C

No*

No*

No (Accept-

able at 300°C)I

No (Accept-

able at300°C)

Non-

Magnetic

Yes

Yes

No

Yes

Reasonable

Thermal

Conductivity

Yes

Marshal

Yes

Yes

7.83

7.70

"_1500 Yes No

"-1500 Yes No

Yes

2.21 i,720
i

Yes

PSubstitute

Material

PCRES

O. 340

O. 571

0.990

0. 346

0.985

0.969

Yes Yes No O. 278

* These metals and their alloys are subject to serious embritUement and

catastrophic fracture when in contact with liquid mercury as well as with its vapor.

The only materials which meet the high temperature mercury compatibility

requirement are the two alloy steels and quartz glass.
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Modified 9 Cr-1 Mo steel has beenevaluated for possible use in the SNAP-8

mercury boiler application (Ref. 4_. This alloy has very small additions

{generally under 0.10%) of other alloying elements such as niobium, vanadium,

boron, zirconium and nitrogen and is stronger than 304L at all temperatures

at least up to 600°C. At low velocities (0.6 cm/sec) this ahoy exhibits excellent

corrosion resistance to mercury at 580°C(853°K)for times up to 5,000 hours.

The use of the 9 Cr-1 Mo steel permits up to 90%utilization of lunar material

(iron) with only 10% of the ingredients supplied from Earth.

Even greater utilization of lunar materials can be achieved by the use of the

low alloy steels which have long been employed in the manufacture of mercury

boilers. Steels containing 4-6% chromium, 0.5-0.6% molybdenum and 1-2%

silicon (Sicromo 5S and Croloy 5 Si) exhibit corrosion rates in mercury of

0. 0075 - 0. 010 cm/year at temperatures up to 620°C (Ref. 5). The use of such

steels may limit the mass of material which must be transported from Earth

to 6 to 7% of the total mass of the heat pipes.

The addition of 0. 0001% to 0. 001% (1 to 10 ppm) of titanium dissolved in the

mercury reduces the corrosion of ferrous alloys by a factor of 10 to 20. The

corrosion rate of Sicromo 5S at 538°C and a mercury flow rate of 3 cm/sec

was reduced to less than 0. 00075 cm/year (Ref. 5).

Quartz glass exhibits excellent mercury compatibility, but the possibility of

in-space breakage and the effects of mercury contamination are very undesirable.

Since none of the candidates in Table A-9 meet all three performance require-

ments, there remains only two choices; 1) retain the earth baseline 304L CRES

heatpipes, which allows only 70 percent lunar resource utilization, or 2) use

304L CRES only at the klystron interface, and employ one of the special mercury

compatible alloy steels for the majority of the heat pipe, allowing approximately

90 percent lunar resource utilization.
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Step 3 Percent of Substitute Materials Required

Iftubing diameter and wall thickness remain unchanged for a substitutematerial,

the nmss requirement will be the ratio of the replacement materials density to

the density of CRES.

Wsubstitute = tmaterial P

These ratios are included in

P substitute /
material

CRES

Table A-9 .

W
CRES

One concern of in-space heat pipe manufacture is the filling of tubes with mercury

transport fluid. Mercury is a highly toxic material which must be obtained from

Earth since it is unavailable in lunar resources. The in-space handling of mercury

will have to be carefully evaluated to guard against spills and contamination

of the space manufacturing facility.

Even though the heat pipe transport fluid is a relatively low mass item (0.33 %

of total SPS mass), it would be beneficial if a suitable tess toxic lunar or earth

substitute could be found. Unfortunately the heat pipe operating temperature

range eliminates many commonly used earth fluids, and lunar volatiles which

would provide a good heat pipe transfer medium are practically non-existent.

While it is recognized that a change in the heat transport fluid necessitates a

change in the design a_ the heat pipe system, consideration should be _ven to

the possible use of the sodium-potassium eutectic composition (NaK) which

is widely used as a coolant in nuclear power systems. This material remains

liquid over the temperature range of 66°C to 1518°C. High purity iron

(Armco Iron) is resistant to attack by NaK at temperatures up to approximately

900°C and thus lunar iron could serve as construction material for the heat

pipe system with this coolant.

Fluorochemical liquids which are relatively inert, nontoxic and chemically

stable at temperatures up to approximately 400°C are being used as heat

transfer fluids. These fluids will not, however, meet the 500°C temperature

requirement of the SPS heat dissipation system.
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Recommendation: Retain the Earth baseline 304L CRES material for the heatpipe/

k.lystron interface. At a distance of approximately 0.15 m from the klystron

housing, transition to the Cr-Mo-Si alloy steel for the remainder of the heat

pipe (approximately 93 percent). These heatpipes will be fully compatible with the

titanium treated mercury transport fluid. The chromium and nickel (30_ of 304L

CRES mass) and the chromium and molybdenum (6-7% of the mass of the remaining

alloy steel heat pipes ) will be transported from Earth and alloyed with lunar

iron and silicon. The small amount of carbon needed (0.15%) can be provided

either from Earth or lunar sources. Lunar resources provide approximately

91 percent of the earth baseline material requirements while the remaining 9%

must still be obtained from earth.

h) & i) ALUMINUM SHEET CONDUCTORS AND RADIATORS

The earth baseline SPS uses aluminum sheet for a variety of ambient temperature

applications including photovoltaic array and MPTS power busses, and radiators

for the Klystron solenoid cavity and DC-DC converter transformer. Since

commercially pure aluminum can be readily used for these applications, and

aluminum is abundant in lunar highlands material, lunar derived aluminum can

be directly substituted for these earth aluminum applications.

j) COPPER KLYSTRON SOLENOID CAVITY

The klystroa solenoid cavity conslsts of machined copper parts which form heat

pipe evaporator passages and is the core over which the solenoid is wound.

The solenoid cavity must be conductive, non-magnetic, and withstand an operating

temperature of 300°C. The material must also be compatible with mercury,

which is employed as the heat pipe transfer fluid.

Step .1 Earth Material Composition

The machined copper solenoid cavities are assumed to be manufactured from

copper no. 101 (oxygen free electronic) which is a high purity copper used

for hollow conductors, bus bars and other conductors. If the solenoid cavity

requires the use of copper alloys having higher strengths at moderately elevated

temperatures, silver bearing copper alloys such as the 114 or 155 grades can
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be employed for this application. All of these materials must be obtained from

Earth since lunar minerals do not contain copper in concentrations of more than

5 to 20 parts per million nor silver in amounts greater than 100 parts per billion.

Step 2 Lunar Resource Substitutions

The best non-magnetic electrical conductor available from lunar material is

aluminum. Although it's conductivity is slightly lower than that for copper,

aluminum's density is considerably less, which results in reduced aluminum

mass required to transmit an equivalent amount of electrical energy. Aluminum

is incompatible with mercury, as discussed in paragraph (g) and Table A-9.

Aluminum's only other potential disadvantage is its lower melting point, for

certain high temperature applications it may be unsuitable. Ia this instance,

however, sufficient margin exists between aluminum's melting temperature -

(660°C) and its maximum use temperature (300°C) to alleviate any concern.

Step 3 Percent of Substitute Materials Required

  aumnum)t  ectCond)= aluminum W

Pcopper K Elect. Cond. copper
Copper

( )( )Waluminum 2.70 5977.3 W = 0.479 Wcopper"8.94 3766.8 copper

Recommendation: Use aluminum or aluminum alloy for klystron solenoid

cavities. If strength requirements dictate the use of an aluminum alloy, an

alloy containing 4-5% magnesium should be considered since the latter metal, is

also available on the moon. Because of aluminum's incompatibility with mercury,

it will be necessary to coat all mercury contact surfaces with approximately 0.03

cm thick copper. This can be done by vapor or electrodeposition processes. It

is estimated that up to 90% of the mass of the klystron solenoid cavities may be

derived from lunar resources. The remaining 10% must be obtained from earth.
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k) IRON COMPONENTS

The earth baseline SPS employs machined iron parts as poles in the klystron

solenoid, and as the major material component of the DC-DC converter SEN'DUST

transformer. Some commercially pure iron is used for these applications,

and iron is abundant in lunar mare material, lunar derived iron can be directly

substituted for these earth iron applications.

1) COPPER SHEET KLYSTRON COLLECTOR RADIATORS

Each earth baseline SPS klystron has two 500°C heat pipes to remove waste

heat from the collector and dissipate this energy through radiators. The radiators

are constructed of fiat (or slightly corrugated) copper sheet with the heat

pipe routed down the center of the radiator (see paragraph A. 1.2).

Step 1 Earth Material Composition

The copper sheet is assumed to be manufactured from commercially pure copper.

All of this material must be obtained from earth, since lunar resources contain

no copper concentrations worthy of recovery efforts.

Step 2 Lunar Resource Substitutions n

The best thermal conductor available from lunar material is aluminum. Although

its thermal conductivity is slightly lower than that of copper, aluminum's

density is considerably less, which results in reduced aluminum mass required

to dissipate an equivalent amount of thermal energy via radiation to space.

Aluminum's only disadvantage is its lower melting point, which at 660°C offers

a safety margin AT of only 160°C with the ldystron collector heat pipe operating

temperature. This might well be a very undesirable operating temperature for

a moderately or highly stressed aluminum part, but the radiator is essentially a

zero stress part. Its only function is to act as a cooling fin in a near zero g

environment. As long as the operating temperature remains below its melting

point, and surface emmitence properties are not degraded, aluminum should be

an acceptable substitute for 500°C radiators.

Step 3 Percent of Substitute Materials Required

V
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".u.n°<.um.u.)(.°o. thermal cond. /

K copper W copper

K thermal cond.
aluminum

(.70)(...)W aluminum _ 2.2---'_

* K values at 500°C

W = 0. 506 W
copper copper

Recommendation: Use pure aluminum sheet with a mass of one half that of the

earth baseline copper sheet. All aluminum material is obtained from lunar

resources.

m) CRES KLYSTRON HOUSING

The earth baseline SPS klystrons are enclosed within a CRES housing. This is

a non-magnetic machined metal part which has an operating temperature

requirement of 500°C.

Step 1 Earth Material Composition

An austenitic stainless steel such as 347 has been assumed for the machined klystron

housing.

Element

Chromium

Nickel

Manganese

Niobium +

Tantalum

Carbon

Silicon

Iron

The composition of this alloy is:

Constituent Percent

by Weight

17.0 - 19.0

9.0 - 13.0

2.0 Max.

10 x Carbon

0.08 Max.

1.0 Max

Remainder (65-72%)

Available in

Lunar Resources ?

No

No

Yes, up to O.2,_ con-

centration in mare

Only in PPM con-

centrations.

Only in PPM con-

centrations.

Yes

Yes

CRES 347 density = 8.00 g/cm 3
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While the bulk of the 347 CRES ingredients (primarily iron) are available in

lunar resources, a significant percentage of this SPS material requirement

(28-35%) must still be obtained from earth.

Step 2 Lunar Resource Substitutions

Lunar derived metallics from which the klystron housings could be manufactured

include aluminum, and titanium, and alloys of these materials. The primary

performance requirement for the housing is operation in a 500°C environment.

Table A-9 provides an assessment of these candidate materials.

Step 3 Percent of Substitute Materials Required

If housing diameter and wall thickness remain unchanged for a substitute

material, the mass requirement will be the ratio of the replacement materials

density to the density of CRES.

= ( P substitute )
W substitute material W CRES

material P CRES

These ratios are included in Table A-9 •

Recommendation: Since neither titanium nor aluminum in the unalloyed conditions

come close to matching the strength properties of 347 CRES, it may be necessary

to either redesign the klystron housings or alloy the above metals to higher

strengths. Aluminum can be alloyed with magnesium and silicon, both of

which are available on the moon, and titanium can be alloyed with "aluminum and

manganese; also available in lunar-minerals.

Aluminum or aluminum alloys would be the preferred lunar derived materials

for the klystron housings. Aluminum would weigh 0. 338 times the weight

of the CRES alloy.

n) VACUL2VI DEPOSITED COPPER SOLAR C E L L INTERCONNECTS

The earth baseline SPS uses copper as electrical con:_e._.tions for the photovoltaic

array silicon cells. The copper is vacuum deposited onto the silica glass substrate

to provide N and P contacts for each solar cell. These connections must provide

good electrical conductivity and be capable of withstanding the 500°C annealing

temperature employed to counteract array radiation degradation.

V
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Step 1 E arth Material Composition

Vacuum deposited copper is 99.9 +% pure. All of thismaterial must be

obtained from earth since only minute traces of copper are contained in

lunar resources.

Step 2 Lunar Resource Substitutions

The best electrical conductor available from lunar material is aluminum.

Although it'sconductivity is slightlylower than that for copper, aluminum's

density is considerably less, which results in reduced aluminum mass required

to transmit an equivalent amount of electrical energy. Aluminum's only

potential disadvantage is its lower melting point; ithas a melting temperature

of 660°C, only 160°C above the array annealing temperature. This might

be unacceptable for a highly stressed structural part, but since tl'/e15hotovoltaic

sandwich consists of thin siliconand silicon dioxide sheets electrostatically

bonded together, the interconnect is a non-structural connection. As long as the

annealing temperature remains slightlybelow its melting point, vacuum deposited

aluminum should be an acceptable substitute for solar cell interconnects.

S.tep 3 Percent of Substitute Materials Required

Elect. Cond. 1

W aluminum = { Paluminum _ K Copper , W
Elect. Cond. copper\

Pcopper ] K Aluminum

!
!
!

(270)(59773)W aluminum 8.96 3766.8 copper copper

Recommendation: Use vacuum deposited pure aluminum with a mass of 0.478

times that of the earth baseline vacuum deposited copper. All aluminum material

is obtained from lunar resources.

o) GRAPHITE COMPOSITE MPTS ANTENNA STRUCTURE

The earth baseline SPS employs graphite composite structure similar to that

described in paragraph d) for the primary, secondary, and waveg-uide module

support structures in the MPTS antenna, plus in the rotary joint structure and
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as support for MPTS power distribution busses. The primary performance

requirements for graphite composite are a high modulas of elasticity and low

coefficient of thermal expansion (CTE). Low CTE is especially important for

the primary and secondary MPTS support structure. The 1000 m diameter

waveguide surface supported by this structure must remain fiat within ~2 arc-rain.

during varying solar orientations. The material employed for power distribution

bus supports must be an electrical insulator.

Step 1 EaCh Material Composition

See paragraph d) introduction and Step 1 discussion, pagesA-17 and A-18.

Step 2 Lunar Resource Substitutions

As previously determined and described in paragraph d), foamed S-glass appears

to be the only lunar material substitute which is capable of meeting the combined

performance requirements.

Step 3 Percent of Substitute Material Required

Assuming that structural stiffness dominates most of the applications contained

within category o);

W =
foamed

S-glass

Recommendation-

2.0 W
graphite

composite

Use foamed glass thin wall tubular structural members with

an assumed mass approximately 2.0 times the earth baseline graphite thermoplastic

MPTS structure. All material (glass and oxygen) is obtained from lunar

resources.

SUM_IARY

The recommended lunar material substitutions have been compiled in Table A-10

for each of the fifteen SPS applications. Substitute material replacement mass

factors vary from 0. 338 for replacing the CRES klystron housing with aluminum,

to 2.0 for replacing graphite composite structure with foamed glass. The total

mass derived from lunar material is 88,190 T which requires an additional 440 T

of earth supplied alloying materials. This total material quantity (88,630 T) provides

the same functions as the 87,800 T of earth baseline SPS materials. The special

earth baseline materials (Ag, W, Hg) and electronic components (various)
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Table A-10.

Earth Baseline Satellite Power System

Mass _ T )

21,658

14,775

14t439

6,208

5,980

Mass_'X,)

22.2

15.1

14.8

6.4

6.1

5.4

4.0

Material

Bol_osllicate Glass

Si I ioon

Fused Silica Glass

Graphite Composite

Coffper Wire

5,257

3,892

3,535

2,749

1,820

1,758

1s539

1,524

1,456

1,210

87,800

3.6

2.8

1.9

1.8

1.6

1.6

1.5

1.2

90.0

Grapldte Composite

CRES Tubing

Aluminum Sheet

Aluminum Sheet

Copper (Mavh

Part)

I fen

! Copper Sheet

CITES (Mach I'art)

Vacuum Dclmsited

Coplmr

Graphite Composite

Compilation of SPS substitute lunar materials.

Application

Photevoltsic Cell

Covers

Solar Cells

Photovoltsic Cell

Sulmtratc

Primary Structure

for _dar Array

Klystron & DC-DC

Converter Coils,

Power Cables

M P'I'S Waveguides

lleat Pipe for

Kiyst_m Radiator_

Power Transmlsslt_

Busses, Array &

M PTS

Kly_tr_m & DC-DC
Cony. Itadiators

Klystron ,"kdenoid

Cavity

Klya_mm Solenoid
& Transformer for

DC-I)C Co.vertcr

Klystro. C.Ilcct.r

Radiators

Klystr(m Ilousiag

Solar Cell lster-

co,meet.

M P'I_ Astemm &

Other _ ructu re

TOTA L MASS l T )

PI£1iCEHTAGE OF EA RTll BA_E LIN F. MA."kS

Lunar I{eplaccme.t Matol4als ( T ) For SPS

21,6_

14,439

12,404

5,252

2,418

f_fi, 171

57.6

O

14,775

14,775

15.2

<

2,865

3,535

2,749

785

779

515

697

12.2

3,542

1,758

_D

I 5.4

(02) 12

(o_) 5

(02)2

T

O

T

A

L

21,658

14,775

14,439

12,416

2,865

5, 257

3,542

3,535

2,749

785

1,758

779

515

697

2,420

Earth

ConsUt-

uent

Mat'l.
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must still be supplied from earth for the SPS constructed primarily with lunar

resources. This earth supplied material has a mass of 97,550 - 87,800 = 9,750 T

for each SPS, resulting in a total SPS mass of 98,380 T. Lunar materials employed

for SPS construction are produced from only four elements; silicon, oxygen, aluminum

and iron.
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APPENDIX B

Task 5. S supplementary data, defining earth material requirements sensitivity infor-

mation developedto support selection of LRU Con6epts B, C and D in Volume II,

Section 4 of Final Report.

Appendix B contains four sections

B. 1 Definition of generalized and subsequent detailed lunar resources utilization

concepts -- Pages B-I through B-6.

B. 2 Sensitivitydata for LRU Concept B - Mass Driver Catapult Scenario -

Page s B- 7 through ]3-22.

B° 3 Sensitivitydata for LRU Concept C - LO2/LH 2 Lunar Transfer Vehicle Scenario -

Pages B-23 through B-38.

B. 4 Sensitivitydata for LRU Concept D - Lunar Derived Rocket Scenario -

Pages B- 39 through B-51.
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B. 1 DEFINITION OF GENERALIZED AND SUBSEQUENT DETAILED LUNAR

RESOURCES UTILIZATION CONCEPTS

Three generalized options were postulated which represent a broad spectrum of

alternatives comprising space based, lunar based, and combination lunar/space

based manufacturing scenarios. Iterationof these generalized options via steady

state earth material requirements was performed to define an explicitcompetitive

LRU concept representative of each. This was followed by development of detailed

steady state material logisticsscenarios and sensitivityinformation for each concept.

Option A - Earth Based - The Earth material utilizationscenario, shown in

Figure B-I, is based on techniques developed and perfected during NASA's past

space accomplishments but implemented on a much larger scale. Two Earth-

to-LEO launch vehicles are employed: a fully reusable heavy liftlaunch vehicle
J

(HLLV) for cargo, and a shuttle derived personnel launch vehicle (PLV). The HLLV

is a two-stage fly-back vehicle with chemical propulsion and 424-ton payload

capability. Its payload consists of crew support stations, fabrication machinery,

assembly Jigs, orbital transfer vehicles (OTV), and all construction supplies and

OTV propellants. The PLV replaces the Shuttle'standem burn solid rocket bbosters

with a series-burn O2/methane ballisticentry first stage, and has an Orbiter

modified to carry 75 passengers with their personal equipment.

Large structural sections are fabricated, inspected and checked out in LEO.

These completed satellitesections are transferred to their operational location

with unmanned cargo orbital transfer vehicles (COTV). The COTV uses a low-

thrust/high-impulse solar powered electric propulsion system and argon propellant.

Final assembly of these satellitesections into the complete large space structure

is performed at its operational locale, typically GEO. Manned tm aster from

LEO to GEO is provided by a hig_a-thrusttwo-stage chemical personnel orbital

transfer vehicle (POTV).

C_tion B - Space Based - The lunar material utilizationscenario developed for

space manufacturing and space settlements includes unique elements and innovative

techniques, and represents the proposals of Dr. Gerard O'Neill of Princeton

University. Material brought from earth includes transportation elements and
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r _ their propellants, lunar mining equipment, material processing and fabrication

equipment, personnel plus their habitats and supplies, and a small percentage

of large space structure components which cannot initiallybe manufactured

economically in space.

Transfer of these payloads and personnel from earth to LEO is accomplished by

Shuttle-derived vehicle (SDV). A relatively small logistics station is constructed

of Shuttle external tanks in LEO. This facilityis used as a base to assemble

transportation, processing, and habitation elements, and to integrate payloads

for departure to their operational locales. All personnel transfer to other orbits

is accomplished with a high thrust chemical POTVo

Cargo transfer is provided via a low-thrust solar-powered linear electromagnetic accel-

erator called a mass driver reaction engine (MDRE). This vehicle produces thrust

by e:_hausting any available waste mass (g-round-up external tanks or lunar slag)

at very high velocity (8,000 m/s). The _IDRE delivers lunar base material plus

the lunar transfer vehicle (LTV) and itspropellants to low lunar orbit (LLO), the

mass catcher to L2, and space manufacturing facility/habitationmodules to their

selected locale.

The lunar base is established by using the throttlablechemical LTV to land

m aterial and personnel. The lunar base consists of mining equipment, a fixed

mass driver catapult to launch lunar material to L 2, living accommodations for

personnel, a power plant (solar or nuclear), and supplies. Lunar surface

operations Include material collection, screening, bag_ng and launch by the

mass driver in a steady stream toward L 2. This material is retrieved by

the mass catcher at L2, accumulated in large loads, and subsequently delivered to

the space manufacturhug facility(S_IF), by rotary pellet launcher and terminal

tug. At the SMF, this lunar soll is processed into useful structural materials,

fabricated into components, and final-assembled Into the large space structure.
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Although most of these manufacturing operations are highly automated, a signifi-

cant number of personnel are required for final assembly, machine operation,

maintenance and repair, plus support services. Completed earth service satellites

are transferred to their operating orbital location (typically GEO) by _MDRE. This

space manufacturing concept is amenable to bootstrapping, a technique by which

a relatively modest initial lunar material throughput can provide products

which are then directly applied to increasing the ori_nal manufacturing facility's

production capability. Thus, sustained bootstrapping can simultaneously provide

increased production capability and products. Unfortunately, due to this study's

goal of determining a material requirements threshold point, we will be unable

to take advantage of bootstrapping. This occurs because the bootstrapping concept

results in a steadily increasing production capability and manufacturing rate, so

comparison with constant rate manufacturing operations is extremely difficult.

..Option C - Lunar Based - This option constitutes a significant departure from

the Option B concept in two primary areas: material processing occurs on the

lunar surface rather than in-space, and conventional rockets replace the mass

driver catapult, mass catcher, and ,MDRE. Option C has some transportation and

support elements that are very similar to those in Option B, such as earth launch

and LEO station requirements. OTVs differ from those in B only by the design of

cargo transfer stages and their propellant needs (type and quantity).

The COTV is an electric propulsion stage which can use either earth-supplied

argon propellant when outbound or lunar-supplied oxygen propellant when in-

bound. The lunar base is significantly larger since it now provides material

processing and component manufacturing in addition to mining and beneficiation.

A chemical lunar/orbital transfer vehicle (L/OTV) is used to transport finished

construction supplies to the space manufacturing facility. The L/OTV propellants

are lunar derived oxygen and Earth-supplied hydrogen. This vehicle normally

makes a round trip from lunar base to SMF to LLO and back to the lunar base.

It also supplies oxygen to a propellant depot in LLO for the COTV. Large
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space structure fabrication and final assembly are accomplished at the SMF

which may be coincident to its product's use location.

Option D - Lunar/Space Based - The approach taken by the lunar/space-based

option reduces earth propellant requirements. This is accomplished by obtaining

both fuel and oxidizer from lunar materials, and is identical to Option C except

for the lunar base, SMF, and the transportation between them. To reduce propell-

ant requirements the cargo transfer vehicle (CTV), which transports finished

components from lunar base to SMF, is configured as an expendable vehicle. This

can only be competitive ffthe CTV tankage is manufactured at the lunar base from

lunar material (aluminum), and reprocessed at the _RVIFinto large space structure

components. Therefore, some manufacturing operations are duplicated at these

two locations, but the majority of lunar material processing remains at the lunar

base. The lunar base must be ex'panded to include propellant tank fabrication and

CTV assembly, checkout, and launch. CTV propulsion (eng'ine)and avionics n_ dules

are .earth-manufactured subsystems which are recycled from SMF to lunar base

for reuse. The return of these subsystems is accomplished by chemical OTVs

and LTVs which also perform allpersonnel transfer.

These three Lunar Resources Utilization options were utilized only as representative

techniques encompassing a wide range of space manufacturing scenarios. The earth

material requirements analysis technique, described in Volume II, Section 4. 2, was

employed to determine effects of various options on each of these generalized LRU

scenarios. Variable input parameters included lunar material utilization percentage,

alternative propellants and propellant sources, different transportation element

designs, and efficiencies of material processing, manpower utilization and so forth.

The detail LRU systems concepts which resulted from this iterative process are de-

picted by Figure B-2. Definition of revisions made to the generalized options to

obtain these detailed concepts and EMR sensitivity analysis results are contained in

Sections B. 2, B. 3 and B. 4 for LRU Concepts B, C and D respectively.
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B. 2 CONCEPT B - LUNAR MASS DRIVER CATAPULT

This systems concept is characterized by the mass driver catapult/catcher for lunar

material transport, and lunar material processing at the space manufacturing facility.

Concept B is considered to be the most technologically advanced of the LRU system

concepts. Due to its innovative features, it exhibits considerable technical risk but

also offers significant potential benefits. Figure B-3 shows the material requirements

for the revised version of systems Concept B. This figure illustrates the transportation

logistics flow of all materials including payload, propellants, life support (LS)

consumables, and lunar material processing chemicals during the steady-state

manufacturing phase of operations for LRU at the 89.6 percent level. Crew require-

ments reflect a SPS production rate of one 10 GW satellite annually.

Analysis of the original option B scenario as described in Section B. 1 (shown in

Figure B-l) has resulted in one significant revision: the mass driver reaction engine

(MDRE) was replaced by an ion-electric COTV employing lunar oxygen as propellant.

This change was made necessary by extremely poor MDRE performance when using

transfer _V's consistent with option A values. Even if theoretical /W' s are em-

ployed for the MDRE, the ion-electric COTV offers significant performance improve-

ments due to its higher specific impulse and reduced propellant requirements. (Ref. 1)

Specifically this COTV replacement is recommended because:

1) The CO'IV specific impulse is approximately six times greater than MDRE.

2) A lunar derived propellant, oxygen, is acceptable for use with an ion-electric

COTV. This reduces somewhat the MDRE advantage of using any available

waste material as reaction mass.

3) Study personnel feel strongly that if the MDRE were used, it should employ

a material such as oxygen for reaction mass. This will eliminate the safety

concern of solid high velocity exhaust particles in the vicinity of habitats,

manufacturing facilities, and SPS's. Thus similar lunar propellant processing

requirements would be imposed for MDRE or ion electric COTV, since both

use oxygen propellant.
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Figure B-3. LRU Concept B - Mass Driver Catapult.
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Figure B-3 shows that only 32.11 total earth material units, consisting of 1.38

units of payload plus SDV propellant must be launched from earth to construct 10

units of SPS and deliver it to geosynchronous orbit.

©

Sensitivity to L unar Resource Utilization (LRL] Percentage

Material requirements as a function of lunar resource utilization percentage for the

new Concept B with ion electric CQTV, are displayed in Figure B-4. An interesting

trend shown by this data is that both the earth material requirements (EM_ and the

lunar material requirements (LM:R) decrease with increasing percentages of lunar

material in the SPS. The primary reason for this is use of the solar or nuclear

powered mass driver catapult (linear electromagnetic accelerator) which provides

propellant free (but not power free) launch of material from the moons surface.

The remaining primary LMR driver is the oxygen propellant required for cargo

transfer from LEO to SMF. As the lunar material percentage increases, the

quantity of oxygen propellant needed for transfer of earth materials decreases

slightly.

Sensitivity to COTV Ty_e

Similar LRU percentage data is plotted in Figure B-5 for Concept B with a mass driver

reaction engine rather than an ion electric COTV. The MDRE is used for all

transfer routes previously serviced by the COTV (see Figure B-3). The decreasing

trend of both EMR and LMR with LRU percentage increase is considerably more

pronounced with the MDRE transfer vehicle, and total LMR is much higher. One

reason for this is the assumption that M:DRE propellant should be liquid or solid oxygen

rather than slag. While lunar slag or ground up e.xternal tanks have been proposed

for this usage, the continuous expulsion of 8,000 meter/second solid projectiles in

the near vicinity of space work areas and habitats is undesirable. The increased

LM:R for MDRE usage is primarily due to the larger quantities of oxygen propellant

required. This increased oxygen requirement is due to the relative performance

capability of M:DRE and ion electric propulsion. The high specific impulse
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performance of the ion thrusters, 68,600 N- s/kg versus 7,800 N- s/k g for the MDRE,

significantly reduces the lunar material requirement and, to a lessor degree, the

earth material requirements. This comparison betweenMDRE andion COTVhas

even beenbiased in favor of the MDRE by using AV requirements nearly half those

for the COTV (see Table 4-2 in Volume II, Section4).

It is due to this material requirements comparison data that the use of an electric

ion oxygenpropellant COTVhas beenrecommended While the employment of

lunar slab as MDRE reaction mass would eliminate most of the EMR/LMR impact

of Figure B-5, the technical risk would remain, resolution of the _V question would

be required, and the environmental hazard for the habitats and SPSwould be added.

Sensitivity to Chemical Loss Fraction

Figures B-6, B-7 and B-8 show the effect of increased processing chemical loss

(the inability to recover earth chemicals during lunar material processing) on material

requirements. The revised baseline with an electric COTV (Figure B-6) exhibits

relatively low E_M:R sensitivity compared to the option B alternative with MDRE

(FigureB-7). This extreme M.DRE sensitivity is due to the large quantity of oxygen

propellants which must be produced for the MDRE to compensate for its relatively

poor performance capability. Figure B-8 depicts this MDRE propellant requirement

sensitivity on lunar materials requirements. Large changes in soil processing

requirements occur in order to supply the oxygen needed to transport larger amounts

of processing chemicals from earth. Since the COTV is much more efficient and

uses considerab]y less propellant, the increased LO 2 required to transport chemicals

with the electric COTV is very much lower.

Sensiti_tv to Lunar Soil OxyKen Recovery Ratio

Figures I3-9 and B-10 present EM!R oxygen recovery data for the revised electric

COTV baseline and M.DRE alternative, respectively. The information shown

reflects EMR sensitivity to the percentage of oxygen which can be efficiently

extracted from lunar soil. Nominally, lunar highlands soil consists of approx-

imately 44 percent oxygen. Variations from the assumed 75% recovery (33% oxygen
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per kg of lunar soil processed) result in e_remely low EMR sensitivity for the

COTV (FigureB-9), but sig-nificant sensitivity for the MDRE (Figure B-10) due to

its high demand for oxygen propellant.

Sensitivityto Crew Size

FigureB-ll shows EMR sensitivityto the total number of personnel required for

in-space operations. Increased crew size necessitates supply of additional life

support and additional POTV flightsto trm sport personnel back to arth after their

nominal duty tour. The data in FigureB-11 indicates that EI_[R becomes relatively

sensitive to increased crew requirements at higher LRU percentages.

Sensitivltyto Cargo Orbital Transfer Vehicle Propellant Requirements

FiguresB -11 and B-12 show the effect of cargo transfer vehicle efficiency on EMR.

The ion electric COTV (Figure B-11) is almost completely insensitive to increased

requirements for lunar derived oxygen propellant due to its high stage efficiency.

The MDRE, however, is somewhat EMR sensitive to lunar derived oxygen propellant

requirements, particularly at the lower LRU percentages (Figure B-12). This occurs

since at lower LRU's, additional LO 2 propellant is required to transport earth materials

over the high AV LEO to GEO transfer route.

Sensitivity to Terminal Tug Requirements

The terminal tug operates in the vicinity of the space manufacturing facility to capture

incoming loads of lunar material, and send maneuvering reaction mass back to the

L 2 mass catcher. The tug is assumed to be a conventional LO2/LH 2 chemical

rocket since it must have a relatively high thrust level and must operate near space

facilities (precludes use of slag reaction mass). This propellant must be delivered

from the Earth (LH2) and moon (LO2) by orbital transfer vehicle. Figures B-13

andB-14 compare the EMR sensitivity to ton-electric COTV and MDRE supply

of these propellants, respectively. Due to the differential performance capability

of these two vehicles, the EI_KR sensitivity for electric COTV delivery of tug pro-

pellants is low (FigureB-13), while MDRE EMR sensitivity is high (Figure B-14).
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Figure B-4. Option B - Revised Baseline
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Figure B-5. Option B Alternate

(Mass Driver Reaction Engine)
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Figure B-8. Option B Alternative with MDRE

LMR Sensitivity to Chemical Loss Fraction
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FigurcB -9. Option B Revised Baseline with COTV - Sensitivity

to Lunar Soil Oxygen Recovery
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Figxlre B-10. Option B Alternative with MDRE - Sensitivity to

Lunar Soil Oxygen Recovery and Bag Fraction
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FigllreB-12. Option B Alternative with MDRE - Sensitivity

to MDRE Propellant Rc<luirements
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FigureB -13. Option B Revised Baseline with COTV - Sensitivity

to Terminal Tug Propellant Requirements
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B. 3 CONCEPT C LUNAR LH2/L__O 2 CHEMICAL ROCKET

This systems concept employs conventional LO2/LH 2 rockets to transport SPS stock

materials manufactured at the lunar base into lunar orbit. Since all Concept C

transportation routes are serviced by either LO2/LH 2 chemical rockets or ion electric

transfer vehicles, this systems concept exhibits very low technical risk with

respect to its transportation elements. The revised version of Concept C is defined

in Figure B-IS for the 89.6 percent LRU level. Crew requirements reflectsupport

for the annual production of one I0 GW SPS.

Analysis of the original option C scenario as described in Section B. 1 (Figure B-l)

has resulted in a revision to the transportation method for delivering lunar manu-

factured stock material to the GEO fabrication facility. Originally, a large

conventional LH2/LO 2 cargo transfer vehicle (CTV) was assumed for delivery of

SPS components directly from the lunar surface to GEO. The revision depicted by

Figure B-15 has replaced this single large chemical rocket with two other vehicles:

1) A smaller LO2/LH 2 LTV to deliver SPS components from the lunar surface

to LLO.

2) An ion electric COTV using lunar derived oxygen propellant to deliver the

components from LLO to G.EO.

This revision provides a significant transportation performance improvement, and

requires less earth supplied hydrogen and lunar supplied oxygen.

Figure B-1S shows that 52.89 total earth material units, consisting of 2.41 units of

payload plus SDV propellant must be launched from earth to construct 10 units of SPS

and deliver it to geosynchronous orbit.

Sensitivity to Lunar Resource Utilization (LRU) Percentage - Figure B-16 depicts

this sensitivity information for revised Concept C and identifies the relative effects

of major mass contributors to total EMR and LMR. The total earth material

requirement is primarily SDV propellant. The total lunar material requirement is

dependent on the total quantity of oxygen needed, which nominally requires that three
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Figure B-15. LRU Concept C- LO2/LIT 2 Lunar Transfer Vehicle.
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times this amount of lunar soil be processed. A sufficient quantity of all other lunar

derived materials are contained within the soil processed for oxygen recovery. Most

of the lunar oxygen is used for delivery of SPS stock materials from the lunar

surface to the SMF, which is assumed to be coincidently located to the SPS final

assembly and use location in GEO. Some lunar oxygen is recombined with silicon to

provide high quality silica glass for SPS solar cell covers and substrate.

i

Comparison of Alternative LLO to GEO Transfer Techniques - As previously mentioned,

the ori_nal option C scenario projected use of a single large LO2/LH 2 LTV to

transport lunar products directly to GEO. Since this technique was found to result

in rather high EM/t and LMR values at higher lunar resource utilization levels, two

alternative transport te'chniques were evaluated. The first of these consisted of two

smaller optimized LO2/LH 2 stages; one from the lunar surface to LLO, the other from

LLO to GEO. The second alternative consisted of the smaller chemical LTV for

the lunar surface to LLO leg, and an ion electric COTV for LLO to GEO transfer.

The effect of these three lunar material/component delivery techniques is g-raphically

displayed in FigureB-17. From the data shown, the rationale for selecting technique

3, which includes the electric COTV, as the Concept C revised baseline is obvious.

Sensitivity to Lunar Oxygen Recovery - Figure B-18 reflects EMR and LMR sensitivity

to the percentage of oxygen which can be efficiently extracted from lunar soil. Nominally

lunar soil consists of approximately 44 Percent oxygen. Variations from the assumed

33 percent recovery (75% extraction efficiency) result in significant LMR sensitivity

and minor EMR sensitivity.

F......

k.J

Sensitivity to Chemical Loss Fraction - Figure B-19 shows the effect of increased

processing chemical loss (the inability to recover earth chemicals during lunar

material processing). The EMR are extremely sensitive to process chemical losses,

while LMR are relatively insensitive, since the only LMR requirement is for additional

propellant.
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The EMR sensitivity is due to the fact that processing chemicals make up a non-trivial

percentage (nominally 8percent) of the earth launchedcgrgo. Increases in chemical

requirements significantly impact SDVlaunch requirements andthus total EMR.

V

Sensitivity to Ion Electric Propulsion Efficiency - Figure B-20 shows the effect of COTV

propulsion efficiency on ENIR and LMR. Since COTV propellant is assumed to be

lunar oxygen, the L_M:R sensitivity to oxygen propellant requirements is significant, while

the EMR sensitivity is somewhat less. The EMR effect is due to the effect on processing

chemical requirements.

Sensitivity to Ion Electric COTV Propellant Type and Source - Figure B-21 shows

EMR and LMR sensitivity for argon COTV propellant supplied from earth, and oxygen

derived from lunar materials at the lunar base. Although argon provides a ~ 8 %

improvement in COTV performance, the EMR is significantly reduced when lunar oxygen

is used as propellant. The EBIR reduction is due to lower earth launch requirements.

The LMR increases for oxygen use, since additional processing of lunar soil is

required to produce the oxygen propellant.

Sensitivity to Transfer AV Requirements - The introduction to Section 4.2 discusses

the difference between low thrust/weight transfer vehicle AV requirements for large

area payloads and point mass payloads. These differences are identified in Table 4-2

by the performance values given for the ion electric COTV and MDRE, respectively.

Figure B-22 compares the effect this difference has on EMR and LMR, assuming that

electric COTV's are used for all low g transfer legs as shown in Figure B -15.

EMR sensitivity is low and LRU is slightly greater, both due to decreased oxygen

processing and processing chemical requirements for the point mass AV requirements.

Sensitivity to SDV Propellant Requirements - Figure B--23 indicates the high degree

of Ei%fR sensitivity to the quantity of Shuttle derived vehicle propellants needed to lift

payload into LEO. Since all SDV propellants are obtained from earth, there is no

effect on LMR.
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Sensitivity to Lunar Transfer Vehicle Efficiency - Figure B-24 depicts total EMIR

and LMI_ sensitivity to the lunar transfer vehicle propellant requirements. A

variation in the quantity of LH2/LO 2 propellants required per kg of SPS stock
o

materials delivered from the lunar surface to GEO, results in small variations of

EMR and LMI_ for high LRU percentages.

Sensitivity to Life Support Requirements (LS) - FigureB-25 shows that should life

support requirements quadruple, the EMR at 100% LRU only increases by 20 percent,

and LMR is unaffected.

r

.Sensitivity to Personnel Assignment Duration - Fig_ure B-26 depicts the sensitivity

to variations in personnel assignments at the GEO assembly facility a_d lunar

mining and processing base. Propellant must be e.xpended to return personnel to

earth and transport replacement personnel from earth to their work stations. The

nominal assumed stay times are 60 days at GEO and 180 days on the lunar surface.

Variations in these durations result in a modest EMR sensitivity, and insig'aificant

LMR sensitivity.

k_J
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Figure B-18. Option C Revised Baseline - Sensitivity

to Lunar Oxygen Recovery
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Fig_are B-22. Option C Revised Baseline - Sensitivity

to Transfer AV Requirements
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Figure B-23. Option C Revised Baseline - Sensitivity

to SDV Propellant Requirements
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Figure B-24. Option C Revised Baseline - Sensitivity

to Lunar Transfer Vehicle Efficiency

I

_9
he)

o3

O
b_

,-4

v

cD

250

200

150

100

5O

k g PROPELLANT/k g LTV PAYLOAD

× 1.4 (0.9])

x 1.2 (0.81)

NOMINAL (0.67)

/
/

0 2O 40 60 80 100

PERCENT OF SPS DERIVED FROM LUNAR RESOURCES

(iii

!



0J
i

300

250

O

(9

(D

200

0

'-_v 150

N
,--1

_ 100

Figure B-25.

EMIt

Option C Revised Baseline - Sensitivity

to Life Support Requirements

NOMINAL 800 kg/PERSON-YEAR

1600 kg/PERSON-YEAR

3200 kg/PERSON_Y ,/

:' • _]!

5O

LMR

0

I I I ! t I I ! !

20 40 (;0 80

PERCENT OF SPS DERIVED FROM LUNAR RESOURCES

!

100



I

oo

_4

O3

O,
h_

2_

v

,g

300

250

200

150

100

5O

EMR

FiI411reB-26. Option C Revised Bnseline - Sensitivity

to Personnel Assignment Duration

PERSONNEL S'rAY TIME AT GEO & LUNAR BASE

120 & 360 DAYS

(NOMINAL)60 & 180 DAYS

30 & 9O DAYS

LMR

0
! I ! ! j ! p

20 40 60 80 100

PERCENT OF SPS DERIVED FROM LUNAR RESOURCES



i

i

ii! iiii!

!iili:.:;;_;iii

i

B. 3 CONCEPT D - LUNAR DERIVED ROCKET

Systems Concept D is similar to Concept C except for the vehicle used to transfer

construction materials from the lunar surface to low lunar orbit. The LTV has

been revised from the LH2/LO 2 chemical rocket used in Concept C, to a chemical

rocket which derives all its propellants (fueland oxidizer) from lunar materials.

This revision reduces considerably the quantity of hydrogen which must be supplied

from earth. The baseline all lunar propellant LTV or lunar derived rocket (LDR)

uses liquidoxygen as oxidizer and powdered aluminum as fuel. Alternative fuels

include mixtures of lunar metals including aluminum, calcium, iron, magnesium,

sodium and titanium.

I -k...J

The LDR originally assumed for SPS stock material delivery from the lunar surface to

GEO assembly base was a large single stage expendable vehicle (see paragraph B. 1).

This expendable vehicle is undesirable since extensive fabrication facilities are

required at the lunar base to manufacture LDR propellant tanks, and reprocessing

facilities are needed in GEO to convert LDR propellant tankage into SPS components.

A reusable vehicle for lunar surface to GEO transport of cargo is a more desirable

transportation solution. Performance calculations, however, have shown that the

lunar derived rocket (LDR)does not have enough specific impulse to make a round

trip flight from lunar surface to GEO and back to the lunar base. Therefore, a

revised Concept D baseline was developed by replacing the expendable LDR with two

other reusable vehicles:

1) A smaller LDR to deliver SPS stock materials from the lunar surface to LLO.

2) An ion electric COTV using lunar derived oxygen propellant to deliver these com-

ponents from LLO to GEO.

The employment of a reusable LDR reduces manufacturing operations on both the

moon (LDR propellant tank construction) and at the GEO assembly facility (tank

reprocessing into SPS components), as well as significantly reducing lunar propellant

processing requirements. The steady state material flow and personnel requirements

B-39



for constructing one 10 GW SPS per year is depicted in Figure B-27 for the revised

Concept D baseline. This shows that 37.06 total earth material units, consisting of

1.54 units of payload plus SDV propellant must be launched from earth to construct

10 units of SPS and deliver it to geosynchronous orbit.

Baseline Sensitivity to Lunar Resource Utilization t LRU) Percentage - Figure B-28

depicts this sensitivity information and identifies the relative effects of major mass

contributors to total EMR and LMR. The total lunar material requirement is

dependent on the total quantity of oxygen or aluminum needed, which nominally

requires that three times this amount of lunar soil must be processed if oxygen is the

controlling requirement, or ten times as much if aluminum controls. These factors

assume that 75% of the oxygen or 100% of the aluminum contained in the soil can be success-

fully extracted. A sufficient quantity of all other lunar derived materials are nominally

contained within the soil processed for oxygen or aluminum recovery. Most of the

lunar oxygen and aluminum is used as LDR propellant for delivery of SPS materials/

components from the lunar surface to LLO, and the oxygen is also used in the electric

OTV for cargo transfer from LLO to the SPS final assembly and use location in GEO.

Comparison of alternative LLO to GEO Cargo Transfer Techniques - As previously

mention_d_ the ori_nal option D scenario projected use of a single expendable.

lunar d_rived rocket (LDR) with oxygen/aluminum propellants to transport lunar

products directly to GEO. Since this technique was found to be unacceptable, two

alternative transport techniques were evaluated. The firstof these employed a

reusable LDR between the lunar surface and LLO, and used a LH2/LO 2 orbital

transfer vehicle to transport construction materials between LLO and GEO. The

second approach was to employ a reusable LDR between the lunar surface and LLO,

and use an ion electric COTV (lunar derived oxygen propellant) to transport materials

betwesn LLO and GEO. The effectof these two lunar stock material delivery

techniqaes on EhL:_ and LMR is _raphically displayed in Figure B-29. From the

data shown, the rationale for selecting the second technique, which includes the

electric COTV, as the Concept D revised baseline is obvious. Alternative propulsion

]3--4O



Figure B-27. LRU Concept D - Lunar De rivod Rocket.
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schemes and lunar =lerived prope!laaI:s were also co:_siclered for the LDR. A

discussion of these alternatives and rationale for selection of the O2/A1 pump fed

LDR baseline is contained in Appendix E, Section E.4 of Volume II!.

Sensitivity to Lunar Oxygen Recovery - Figure t}-30 reflects EMIR and LMR

sensitivity to the percentage of oxygen which can be efficiently extracted from lunar

soil. Nominally, lunar soil consists of approximately 44 percent oxygen. Variations

from the assumed 33 percent recovery (75% extraction efficiency) result in significant LMR

sensitivity and minor EMIR sensitivity.

Sensiti..vi.'ty to Lunar Aluminum Recovery - Figure B=31 reflects EMR and LMR

sensitivity to the percentage of aluminum which can be efficiently extracted from

lunar soil. Nominally, lunar highlands soil consists of appI:oximately 13 percent alu-

minum. Variations from the assumed 13 percent recovery (100% extraction efficiency)

result in very substantial LM:R sensitivity and minor EMR sensitivity. By comparing

the data in FiguresB-30 and B-31 it appears that below 100k aluminum extraction

efficiency (0.13 kg aluminum/kg lunar soil), aluminum becomes the controlling

extraction requirement for Concept D. This is discussed further in Sections 4.4 and

4.7 of Volume II.

Sensitivity to Chemical Loss Fraction - Figure B-32 shows the effect of increased

processing chemical loss (the inability to recover earth chemicals during lunar

material processing). The EMIR are extremely sensitive to process chemical losses,

while LM:R are relatively insensitive, since the only LM1R requirement is for additional

oxygen and/or aluminum propellants.

The EMIR sensitivity is due to the fact that processing chemicals make up a non-

trivial percentage (nominally 18 percent) of the earth launched cargo. Increases in

chemical requirements significantly impact SDV launch requirements and thus

total EMR.
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Sensitivity to Ion Electric Propulsion Efficiency - Figure B-33 shows the effect of

COTV propulsion efficiency on EMR and L_IR. Since COTV propellant is assumed

to be lunar oxygen, the LMR sensitivity to oxygen propellant requirements is

significant, while the EMR sensitivity is negligable.

Sensitivity to Lunar Derived Rocket Efficiency - Figure B-34 depicts total EMR and

LMR sensitivity to the lunar derived rocket vehicle propellant requirements from

lunar surface to LLO transfer. A variation in the quantity of LO2/alumiaum powder

propellants required per kg of SPS stock materials delivered from the lunar

surface to LLO, results in slight sensitivity of LMR for high LRU percentages, but

has almost no effect on EMR.

Sensitivity to Life Support Requirements (LS) - Figure B-35 shows that should life

support requirements quadruple, the EMR at 100% LRU increases by 27 percent,

and LMR is unaffected.
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Fig_reB -29. Option D Comparison of LLO to GEO Cargo

Transfer Techniques
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Figure B-30. Option D Revised Baseline - Sensitivity

to Lunar Oxygen Recovery
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Figure B-32. Option D Revised Baseline - Sensitivity
to Chemical Loss Fraction
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Fi_,mre B-33. Option D Revised Baseline - Sensitivity

to Ion Electric Propulsion Efficiency
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Figure B-34. Option D Revised Baseline - Sensitivity

to Lunar Derived Rocket Efficiency
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Figure I_35. Option D Revised Baseline - Sensitivity to

Life Support Requirements
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APPEh_DIX C

Task 5.3 supplementary data, defining lunar material processing techniques developed

to support recommended material recovery methods in Volume II, Section 4.4 of the

final report.

Appendix C contains three sections,

C.1

C.2

C.3

Use of Solar Furnaces for Melting Lunar Material -- Page C-l,

Alternative Oxygen Production Processes -- Pages C-2 through C-8

Electrolysis of Lunar Soil -- Pages C-9 through C-10
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C. 1 USE OF SOLAR FURNACES FOR MELTING LUNAR I_IATERIAL

Large solar furnaces of high efficiency have been designed and constructed and are in

operation in many countries, including the United States, the USSR, France, Italy, and

Japan (Reference 1). The larger units develop power levels up to 1000kW with flux

densities in the focal spot as high as 1.7kW/cm 2. Earth-based solar furnaces of this

capacity are capable of melting two to three metric tons per day of highly refractory

oxides (Reference 1). Many of the current solar furnaces consist of two elements; a

heliostat composed of several hundred aluminized glass mirrors, each up to 100 x 100cm

in size, which direct the sun's rays to a concave concentrator which may be composed of

tens to hundreds of glass mirror segments. The heliostat mirrors are capable of follow-

ing the sun to constantly direct maximum solar energy to the concentrator.

Other types of earth-based solar furnaces have circular arrays of mirrors placed

around the base of a tower, and focus solar energy upward to a boiler to generate

superheated, high-pressure steam for power generation. The U.S. Department of

Energ-y has constructed a 400kW solar furnace of this type at the Geor_a Institute of

Technology Engineering Experiment Station (Reference 2). This facility has an array

of 550 mirrors which are mechanically linked and driven to focus sunlight at a point

21.3m above the center of the field. The peak flux density in the focal zone is 0.22kW/
2

cm . Earth-based solar furnaces have been operating at an overall thermal efficiency

in the range of 80-85%.

While aluminized glass mirrors have been generally used in solar furnaces, lunar-

based furnaces could employ lightweight mirrors made of aluminized Kapton film or

may be coated with sodium as suggested by Kraft Erhicke. The kinematic tracking

system could also be a lightweight structure made from a graphite/resin composite

material.
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C. 2 ALTERNATIVE OXYGEN PRODUCTION PROCESS

The requirement for lunar-derived oxygen constitutes 31 to 54_ of the total weight of

lunar material required to satisfy both SPS construction and propellant needs. The

amount of oxygen required ranges from 39,2S0 tons for systems Concept B to 174,500

tons for systems Concept D, and is a primary factor in determining the amount of h_Dar

materia/which must be mined and processed to meet the concept requirements.

As is the case on earth, oxygen is the most prevalent element in the moon, amounting

to 40 to 45_ of the mass of the lunar regolith. The oxygen content falls within this

range independent of the location and origin of the lunar soils and is a major constituent

of all the mineral species found on the moon.

Oxygen may be recovered from lunar soils by a variety of processes .among which the

following show promise:

i. Direct electrolysis of molten lunar soil.

2. _lethane Reduction Process - electrolysis of water produced by reaction of carbon

monoxide and hydrogen; the latter two resulting from the reaction between molten

lunar soil and methane. (Defined via work accomplished by Aerojet Genera/Corpora-

tion, References 3 and 4).

3. Acid Leach Process - electrolysis of water solutions of metal salts resulting from

dissolving lunar soil in acids or bases. (Defined via work being performed by the

Lunar and Planetary Institute, Referenced 5 and 6.)

Power facilities, chemicals and processing equipment for all of the above processes

must be transported from the earth to wherever the extraction of lunar materials is to

be performed. .-

Two interrelated questions involving these (and other) alternative processing techniques

must eventually be resolved prior to initiating development of space processing equipment.

i. _Vhere is the best location (lunar surface on in-space) for accomplishing lunar

material l_rocessing ?

2, _%q%ich processing technique iS preferred?
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It is unlikely that either of these questions will be resolved by this study. However,

the following discussions are presented to help scope the assessment issue, and identify

the important considerations involved.

The three processes identified for the recovery of oxygen and metals from lunar soil

have been comparatively evaluated insofar as their current status permits. These

three processes are not strictly comp arable for a number of reasons, the chief of

which is that they have been developed or considered for the extraction of different

elements from lunar soil as follows:

Acid Leach Process Methane Reduction Electrolysis

Oxygen Oxygen Oxygen

Silicon Silicon Silicon

Aluminum slag Aluminum

Iron Iron

Calcium

Magnesium

Titanium

Sodium

Furthermore, the degTee of development of the three processes varies _idely.

The Chemical Products Division of AeroJet-General Corporation has developed a

S-step process whereby molten rock is reacted with methane to produce carbon monoxide,

hydrogen, free silicon and metal oxides (Reference 4). The carbon monoxide and hydro-

gen are then reacted to form methane and water, following which the water is electrolyzed

to produce oxygen and hydrogen. The Aerojet Carbothermal Process was developed

under the sponsorship of NASA's Office of Advanced Research and Technology and

resulted in the development of laboratory scale reactor units for each of the steps.

This process requires four moles of methane per mole of lunar material (anorthite) or

approximately 0.23-1bs. of methane per pound of anorthite. Since, however, the methane

is constantly regenerated in the second stage of the reaction, the process is efficient and

very little makeup methane must be transported from earth after the initial amount is

supplied.
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Reference 3 listed power and equipment mass requirements for oxygen monthly

production rates of 6,000, 12,000 and 24,000-1bs. These data were provided for two

systems; one requiring refrigeration cooling and the other radiative cooling, with the

latter requiring both less power and lighter processing equipment. The more efficient

process was used to scale up to the 100,000 T/year production rate, and the calculated

values were reduced by 20% in mass and 10% in power to allow for increased efficiency

with size.

The by-products of the Aerojet General process include iron and silicon metal and

slag, the latter being a mixture of metal oxides which can be further reduced to

recover additional metals and alloying elements. Analyses of the process and equip-

ment requirements have produced plant sizing and cost estimates which indicate

considerable economies as compared to the transport of oxygen from the earth

(Reference 3).

The acid leach process and various options within the process have been theoretically

analyzed. Gaps in current technology and areas for future research and development

were identified. Preliminary estimates have been made of equipment and power

requirements (Reference 5). While no experimental demonstration has been made of the

overall process, many of the individual stages of the acid leach process have been

reduced to commercial or pilot plant practice while others have been verified at a

laboratory level (Reference 5).

The analysis presented in Reference 5 was based on processing 30,000 T/year.

Table IX of the reference listed the following power and equipment mass estimates,

while Page 42 of the same reference stated that "the net reagent mass ... is

comparable with the process equipment mass."

%.#
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Mass of Earth Supplied

Chemicals & Equipment Electric Power

Item , Metric Tons Requirements

Reagent Inventory 20 30 MW

Process Equipment 20 (see above)

Compressors 10

Heat Exchangers 10

Pipes, Valves 5

Electrical 6

Structural & Misc. 25

Radiators (20 MW) . 24

Elec. Power (30" MW) 12__00

Total 240

Since the annual mass of lunar material to be processed is on the order of

500,000 tons, the above values were multiplied by 16.67.

The electrolysis of lunar soil has been demonstrated on a laboratory scale using earth

derived volcanic rocks to simulate lunar material (Reference 7 t. This study had the

objective of extracting oxygen from lunar soil; and demonstrated that oxygen was

evolved at the anode and free metals, including silicon, iron, aluminum and others,

acctunulated on the cathode. To obtain proper fluidity and electrical conductivity at the

operating temperature it was necessary to add fluxing compounds (fluorides) to the

melt. The experimental work was not carried to the point of recovering and separating

the metals deposited on the cathode. This investigation also identified problem areas

and recommended further research and development required to make the process

practicable.

The free energy of "anorthite at 1800°K is -685 Kcal/mole, with each mole containing

128 grams of oxygen. This convers to a requirement of 87.2 l_rW to produce 100,000 tons

of oxygen per year at 100% theoretical efficiency. Assuming 50% electrical efficiency,

the power requirement for the electrolytic production of oxygen becomes 175 MWo
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The estimate of equipmentmass for the solar melting andelectrolysis process

includes the following:

Mass_ T

Solar mirror and focusing system - 1,000

Electrical power - 700

Electrodes - 25

Piping - 25

Containment Vessels - 250

Misc. - 500

2,500

%,s

C-6

The production of oxygen from lunar soil was selected a_ the basis for comparing

these three processes, inasmuch as the requirement for oxygen appears to exceed to the

requirement for any other of the lunar-derived materials. The analysis which follows

is based upon a number of assumptions; an annual requirement of 100,000 tons of oxygen,

constant lunar soil containing 40°70 oxygen and all processes yielding a 50% recovery of

the oxygen. This requires the processing of 500,000 tons of lunar soil, which is within

the range of amounts required for the current study. The final assumption is an opera-

tional factor of 0.8137 based upon a 330-workday year of 21.6 hours/day, or 7,128 hours/

:_ear. This factor is the same used by Dr. R. D. Waldron of LPI in analyzing the acid

leach process. Table C-1 lists the power and equipment mass requirements for each

of the three processes to produce 100, 00 T/year of oxygen.

It must be borne in mind that this comparison does not present a fair picture of

the relative merits of the three processes. The acid leach process leads to the ex-

traction of many more elements from lunar soil than do the other two processes and

in much greater quantifies than are required to fabricate the SPS. The methane

reduction process, although requiring less power, requires a much larger mass of

equipment and produces only oxygen, with silicon and slag as by-products requiring

extensive further processing to extract the elemental materials. Wq!ile the electrolysis

process appears to require both less power and mass of equipment, this process has ._

not been analyzed to the same extent as the acid leach process and probably requires "_'J

more extensive research and development than acid leaching.
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Table C-1. Comparison of Alternative Lunar Soil Processing

Methods to Obtain 100, 000T of Oxygen Annually.

Elements Other
Than Oxygen
Extracted

Equipment
Ma.ss ('i')
Power (MWI
Stalus

Comments

Direct
Electrolysis
of Molten
Lunar Soil
Silicon
Aluminum
Iron

2,500
175

Experimental
Work by the
Bureau of Mines

Secondary
Processing
Required for
Metal & Silicon
Recovery

Methane
Reduction
Process
Silicon

71200
240

Laboratory
Prototype by
Aerojet
General
Secondary
Processing
Required. Large
Initial Supply of
CH4 Needed From
Earth

Acid
Leach

=,Process
Silicon
Aluminum
Iron
Calcium
Magnesium
Titanium
Sodium

4,000
50O

Various -- Portions
of Process are
Commercial,
Others Theoretical
Produces More
Metals Than
Required for
SPS Construction

Inasmuch as oxygen is the major lunar material required and determines the amount of

lunar material mined and processed, the location selected for oxygen recovery, i. e., on

the lunar surface or in a Sl_fF, is very important. The question of optimum oxygefi

extraction location involves several considerations. If lunar extraction is used, the

oxygen must be transported into lunar orbit to enable its use as transfer vehicle pro-

pellant. It may be possible to employ a mass driver catapult to launch small canisters

of oxygen, but this method is likely to be inefficient and impractical. The alternative

is to use chemical rockets which in addition to requiring more oxygen propellant of

their own, produce a large quantity of volitiles which may generate a lunar atmosphere.

Dr. Richard Vondrak has estimated that continuous release of volatiles at 100 kg/sec

in low lunar altitudes would result in a lunar atmosphere with a total mass of 105T

(compared to the current atmospheric mass of 10T)(Reference 8). This atmosphere

would probably impact scientific experimenters, and higher volatile release rates of

1,000 kg/sec would create aerodynamic drag and impact use of mass driver catapults.
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For construction of one SPS per year, the Concept C LTV consumes 242.3 T/day of

LO2/LH2 propellants, which corresponds to an average 2.8 kg/sec and should be

acceptable. Although the Concept D lunar derived rocket (LDR) requires 4.2 times

more propellant, the LO2/AI exhaust products consist of 50% by weight solids which

will eventually fallto the lunar surface.

If S_M'Fprocessing is selected, large quantities of excess material must be transported

from the moon, although in-space use of slag obtained from processing operations for

shielding or reaction mass may be desirable. In-space manufacturing, with material

delivered by mass driver, certainly reduces the lunar atmosphere creation problem,

but may create several environmental impacts of its own. Dr. Vondrak has also

estimated (Reference 8) that a 600 kg/sec volatile release rate at L 5 could build up an

orbital ring capable of diverting the solar wind. This might lead to plasma instability

in earth's ma_o-netosphere, which could conceivable dump Van Allen belt radiation

into earth's atmosphere. Also, application must be found for waste produced at the

SMF, so itdoesn't create an navigation problem. This willnot be a concern in an

expanding space industrializationoperation since large quantifiesof slag willbe

needed for galactic and solar flare shielding.

To summarize, itis not clear that the alternativeprocessing techniques, processing

locations (lunar surface vs SMF), or the environmental considerations provide a strong

basis for determining how and where processing should be accomplished, and how

materials should be transported. For the purpose of the Lunar Resources Utilization

for Space Construction study, we have arbitrarily selected the direct electrolysis

processing technique; used in space with Concept B, and on the lunar surface with

Concepts C and D. Itis unlikely that substitutionof an alternativeprocessing technique

would significantly affect overall study results.

k.J
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Co3 ELECTROLYSIS OF LUNAR SOIL

The U.S. Bureau of Mines has done some limited work on the e_raction of oxygen by

the electrolysis of molten silicaterocks (Reference 7). The rocks were volcanic

scoria somewhat similar in composition to vesicular basaltic rocks returned by

Apollo ii. Electrolysis was successfully performed at temperatures in the range of

1320-1520°K in boron nitride cells with a silicon carbide cathode and an iridium anode.

In order to promote increased fluidityand electrical conduction of the melt, barium

and lithium fluorides in amounts up to 75% were added to the melt. Oxygen and other

gases were liberated at the anode, while metal dendrites formed on the cathode.

Lunar soil, which is a mixture of plagloclase feldspars (>80% anorthite), pyroxenes,

olivine, tlmenite and other minor constituents, melts at temperatures in the range of

1500-1600°K, as compared to pure anorthite which melts at 1820°K. The melting

temperature can be further lowered by the addition of fluoride salts of calcium, mag-

nesium or lithium, but these materials do not exist on the moon. In fact, fluorine is

virtually absent, being found in lunar soil in amounts of only 30-300ppm. Holdover,

judicious mixtures of available lunar soils can lower the melting point somewhat and

increase the fluidity as compared to the normal mare or highlands soils. Fluidity can,

of course, be increased by increasing the bath temperature.

Experiments performed at the Bureau of Mines showed that the addition of 10ge by

weight of lithium fluoride caused a considerable increase in the electrical conductivity

of molten silicates. More work in this area is needed to determine the minimum

amount of the optimum material to be added to lunar soil to develop the proper elec-

trical properties of the molten bath, particularly focusing on materials which are

available on the moon. The promise already shown by the limited amount of work

conducted by the Bureau of Mines on the electrolysis of molten silicates justifies

consideration of this approach for extracting lunar materials.

It has been suggested by Dr. Waldron that solar heating may not be required at all.

The electrical power input for electrolysis is sufficient to melt the lunar material if

a suitable conductive path can be established through the initial furnace charge°
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Experimental work on the electrolysis of silicate rocks was carried out by the

Bureau of Mines in laboratory-sized boron nitride crucibles, using silicon carbide

cathodes and iridium anodes. A full-scale lunar facility might employ a fused silica

brick-lined vessel and corrosion resistant, coated refractory metal anodes. The

anode would be enclosed within a perforated thin-walled iridium tube into which the

•oxygen would diffuse and be removed.

The viscosity of molten anorthite at 1600°C is reported to be 25 poises, while that

of a synthetic lunar sample is given as 6-10 poises in the temperature range of 1375-

1450°C (Reference 9). These values correspond to the viscosity of a light fuel oil and

permit ready diffusion and transfer of gas bubbles.

The combination of high bath temperature and lunar vacuum conditions will compli-

care actions at the cathode. The lower holing point metals; sodium, potassium and

ma_omesium, will be liberated as vapors. Somewhat higher boiling point metals such

as calcium and.manganese will also boil off since they have vapor pressures of 10-500

Torr at temperatures in the range of 1300-1450°C. At 1430°C, aluminum has a vapor

pressure of approximately 0.2 Torr, chromium 1.5 x 10 .2 Torr, iron 5 x 10 .3 Torr,

silicon 5 x 10 .4 Torr and titanium 7 × 10 .5 Torr. Aluminum and s ilicon are molten

at this temperature, and both will tend to rise to the top of the bath since their densities
Q

are less than that of molten silicate rock, being 2.3 and 2.5 g/cc, respectively, as

compared to 2.9 for molten rock, Vacuum distillation may offer a reasonable approach

to achieving separation of the individual metals.

A very recent paper on the electrolysis of lunar material is to be presented at the

4th Princeton/AIA._ conference on Space Manufacturing F acilities (Reference 10).

Experimental results indicate successful electrolysis of metals and oxygen without large

flux quanti ties.
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APPEh_DIX D

Task 5.3 supplementary data, defining space processing and manufacturing require-

ments including products, production facilities, energy needs, and unrecoverable

material losses. This information was developed to support derivation of LRU manu-

facturing costs and start-up mass estimates in Volume II, Section 4.4 of the final

report.

Appendix D contains three sections.

D. 1 LRU Processing and Manufacturing Requirements - Pages D-1 through D-2.

D. 2 Manufacturing Data Sheets and Facility Requirements Stock Manufacturing -

Pages D-3 through D-10.

Parts Manufacturing - Pages D-11 through D-16.

Component Assembly - Pages D-17 through D-20, and D-28.

Solar Cell Panels - Pages D-21 through D-27.

Manufacturing Facilities - Pages D-29 through D-32.

D. 3 Estimate of Unrecoverable Material Losses During Space Processing - Pages

D-33 through D-38.
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D. i LRU PROCESSING AND MA_NUFACTURING REQUIREMENTS

The results of study Task 5.2, contained in Section 3.5 of Volume If, identifiedtotal

lunar-derived SPS material requirements and the components to be manufactured in

space (or on the lunar surface) from these materials. Appropriate lunar materials

must be obtained to provide glass, silicon, alum/num, iron and oxygen from which the

fifteenSPS product groups in Table A-10 are manufactured. Facilities are required to

process raw lunar material into these useful constituents, manufacture the components,

and assemble the satellite.

To scope the LRU processing and manufacturing task, the flow diag-ram of Figure D-1

was generated. This figure identifies the i[unar material flow, processing steps, and

manufacturing steps required to transform raw lunar material into a completed 10 GW

solar power satellite. The lower case superscript letters shown in Figure D-1 corres-

pond to those SPS components previously selected in Section 3.5 of Volume II for

manufacture with lunar materials. Figure D-1 does not include the earth-supplied

materials such as alloying agents, electronics components, and special metals like

tungsten and mercury required to manufacture a complete SPS. These earthasupplied

ingredients are assumed to be combined with lunar-derived ingredients during the

appropriate manufacturing step. The components identified in Figure D-1 correspond

to the 89.6% lunar material utilization level for 10 GW SPS construction°
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D. 2 MA_NIYFACTURING DATA SHEETS AND FACILITY REQUIREMENTS

Facility requirements estimates were made for each manufacturing step or collection

of similar steps. These facilityrequirements are based on the product recommendations

documented in Section 4.4 of Volume II and industry technology projections for 1990.

Facility definitionhas been separated in_ four categories; stock manufacturing facilities,

parts manufacturing facilities,component assembly facilitiesand silicon cellpanel

facilities. A total of 26 mass and power requirements for manufacturing facilities

have been documented which are common to allthree LRU system concepts. A 27th

facility,used to manufacture fiberglass bags for mass driver payload packaging, has

also been defined for LRU Concept B. These facilitiesare described in the following

individual data sheets numbered (i)through (27). Source reference information is

listedon each data sheet. A summary of LRU common facilitiesis compiled in

Tables D-2 through D-5 which follow the data sheets. Cost estimates for these

facilitiesare contained by item number in Appendix G.

The facility mass and power estimates used in the data sheets for the basic manufacturing

equipment (electron beam vapor deposition guns, casting machines, furnaces, etc. )

have been based on data for similar earth production equipment. For in-space or

lunar surface use the mass and perhaps power consumption associated with these

facilities can be reduced considerably. However, a significant quantity of peripheral

equipment and tooling is required to support each major manufacturing function. Appli-

cation of the full earth mass to similar facilities designed for in-space use should

adequately account for these undefined peripherals.

L

Industrial robot quantities are based on assumed material handling and feed require-

ments for highly automated production equipment. They are very preliminary initial

estimates and should be updated following improved understanding of Items (1) through

(26).
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STOCK MANUFACTURING DATA SHEET

ITEM NUMBER (1)

Aluminum Sheet Production Requirements

1.0 mm thick x 10 m wide 9544 T/year 1.20 T/hr

3381 kin/year 7.08 m/rain

Aluminum or aluminum allow sheet will be produced by electron beam vapor deposition,

using the 1200 kW EH1200/50 electron beam gun. 1 This gun is operated by a high-

voltage power supply, 1200 kW, 50kV, with a low-voltage supply for the magnetic lens
and beam deflection accessories.

Aluminum or aluminum alloy sheet will be vapor deposted upon an endless belt of thin

molybdenum sheet, using seven 1200 kW electron beam guns spaced to provide a sheet

of uniform thickness. The aluminum in the form of mixed alloy powder or prealloyed

rod, will be continuously fed into an induction-heated crucible, vaporized by the EB guns

and deposited on the molybdenum belt. The surface of the molybdenum will be treated

to facilitate separation of the aluminum, which will be rolled into coils for further pro-
cessing.

Iron sheet bud plate w-ill be similarly vapor deposited.

The production of aluminum and steel alloy sheet by means of electron beam vapor

deposition was suggested by the industrial development and use of large electron beam

guns. Guns of 250 kW capacity are commercially used to coat 400 mm wide steel sheet

with aluminum, with the steel sheet traveling at a rate of 3m/sec. EB guns of 150kW

capacity are annually coating millions of square feet of architectural glass. EB guns of

1200kW capacity have recently been developed which can deposit aluminum at very high
rates.

Manufacture of the sheet stock either on the moon or in the SMF eliminates the need for

vacuum chambers and pumping equipment. A price in the range of $200-$3000 per kW,

including both the electron beam gun and power supply, has been quoted. 2

Facility,, Requirements:

Equipment:

Power requirements.

Mass of facility:

Seven 1200kW electron beam guns, three industrial robots

8,783 kW

34 tons

D-4
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ITEM NUMBER (1) continued

References:

1. Private communication from Dr. S. Schiller, Forschungsinstimt Manfred yon Ardenne,

Dresden, and "Deposition by Electron Beam Evaporation with Rates of Up to 50 _m/sec,"

S. Schiller and G. Jasch, paper presented at third conference on Metallurgical

Coatings, April 3-7, 1978, San Francisco, California.

2. Private communication, Mr. Wayne Sa.indon, Airco Temescal Division, Berkeley,
California.

ITEM N'UMBER (2)

Aluminum Wire,

1.13 mm diam

STOCK MANUFACTURING DATA SHEET

4

Production requirements

286S T/year 0.36 T/hr

1 × 106 kin/year 2124 m/rain

Aluminum wire will be produced from aluminum sheet by slitting the sheet into narrow

strips (using steel slitting rolls), electron beam welding strip ends together and then

pulling them through wire-drawing dies to form wire of round cross section.

Equipment requirements include:

1 set- SHtting rolls and strip coiler

1 - electron beam welder

8 - wire drawing machines, spool coilers and motor drives
2 - industrial robots

|

!

Depending upon the amount of cold-work introduced during wire-drawing and its effect

upon the electrical conductivity of the wire, a small annealing furnace may also be

required.

Equipment mass - 'r tons

Power requirement - 32 kW

Reference to wire drawing process and equipment:

Metals Handbook, American Society for Metals, 1948 Edition.
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STOCKMAh_LTFACTURINGDATA SHEET

ITEM NUMBER (3)

Steel Sheet

7.0 cm wide × 0.25 cm thick

for heat pipe tubing

Production requirements

4294 T/year 0.54 T/hr

3106 kin/year 390 m/hr

The steel sheet will be produced by electron beam vapor deposition using 1200 kW

electron beam guns. Each gun is powered by a 1200 kW, 50 kV power supply with a

low voltage power supply for the magnetic lens and beam deflection facilities.

Each gun can evaporate 72. 9 kg/hr of steel. 540 kg/hr will require 7.4 (8) electron

beam guns. Since the heat pipes will be in contact with Hquid mercury at moderately

elevated temperatures, an oxidation resistant alloy steel such as CROLOY 5 Si or

SICROMO 7 will be used, Both of these steels contain silicon, chromium knd moly-

bdenum as alloying elements. The first two can be extracted from lunar soil, but

the 0.5_ molybdenum must be transported from Earth since its concentration on the

moon is less than 1 ppm. The 4294 tons/year of heat pipe steel will require 21.5 tons/
year of molybdenum.

k2

Facilities required to produce the steel sheet include (8) 1200 kW electron beam guns

and associated power supplies, an endless belt of molybdenum or other refractory

metal upon which to vapor deposit the steel sheet, and supporting eqtripment including

3 industrial robots. Total power requirements will be 9603 kW and equipment weight
will amount to 38 tons.

References..

1. "Deposition by Electron Beam Evaporation with Rates of up to 50 /_m/sec."
S. Schiller and G. Jasch.

2. Personal communication, Dr. S. Schiller, Forschungsinstitut Manfred von Ardenne,
Dresden.

3. Personal communication, Dr. Rointan Bunshah, UCLA.

4. Liquid Metals Handbook, Atomic Energy Commission and the Bureazi of Ships,

Dept.-of the Navy, 2rid Edition, Jan 1974.

%j
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ITEM t'VCMBER (4)

Iron Sheet
,,.

1.02 cm thick × 16 cm wide

for klystron solenoid

STOCK MANUFACTLrRING DATA SHE ET

Production Requirements

544 T/year 68.3 kg/hr*

388,224 parts 48.8 parts/hr

*Plus 11.7 kg/hr of excess strip mat'l

The iron pole pieces consist of 1.02 cm thick circular plates 15.2 cm in diameter with

2. 5 cm dia center holes. The pole pieces will be fabricated from electron beam vapor

deposited iron or iron alloy material. The circular pieces and center holes will be
blanked out.

Equipment required will consist of 3--400 kW electron beam guns capable of evaporating

80 kg/hr of iron, associated power supplies (1200 kW), endless belt of molybdenum

or other refractory metal, blanking press and dies arfl 2 industrial robots.

Equipment weight

Power requirement

- 12 tons

- 1222 kW

References:

Same as for steel sheet (Item Number 3)

®
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STOCK MANUFACTLrRING DATA SHEET

ITEM NTMBER (5)

Aluminum Castings

Klystron solencid cavity
Production requirements

688 T/year 86.4 kg/hr

194,112 parts/year 24.4 parts/hr

Strut assembly nodes 184 T/year 23.1 kg/hr

230,000 parts/year 28.9 parts/hr

The above two items will be produced as permanent mold castings of aluminum alloys,

using an automatic permanent mold casting machine. A S0 kW channel type low frequency

induction furnace of approximately 1200 pound capacity can melt 300 lb/hour (135 kg/hr)

of aluminum or aluminum alloys. The molten metal can be poured into an 8--10 station

automatic casting machine capable of producing up to 100 castings per hour.

The foundry facility will include:

1 - 50 kW induction furnace with power supply and controller

1 - Automatic permanent mold casting machine

4 - Sets of permanent molds and accessories for each casting design
6- Industrial robots

V

Total power requirements - 126 kW

Weight of equipment - 28 tons

Reference to permanent mold casting process and equipment-

Metals Handbook, Volume 5, Forging and Casting, Eighth Edition, 1970, American Society
for Metals.
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STOCK MA_FACTURING DATA SHEET

ITEM N-EMBER (6)

Sendust Castings
Transformer core

Production Requirements

844 T/year- Fe

99 T/year- Si

50 T/year- A1

993T/year metal

456 parts/year

2. 18 tons/part

1.4 parts/day

The transformer cores are manufactured from an 85% Fe-10% Si-5% A1 alloy. This alloy

can be melted in a high frequency induction furnace and cast into shape in a cored sand

mold. The equipment required includes a 600 kW high frequency induction melting furnace,

sand mixing and molding equipment, core making and drying equipment, mold flasks and

one industrial robot.

The total power required is 750 kW and equipment weight is 50 tons.

Reference:

Metals Handbook, American Society for Metals, Volume S, Forging and Casting,

8th Edition, 1970.
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STOCK MANUFACTURING DATA SHEET

ITEM h_UMBER (7)

Glass Filaments Production requirements
750 T/year 94.2 kg/hr

Glass filaments are made by melting glass particles in an electrically heated furnace,

pouring the molten glass into a container having a large number of fine orifices

through which the glass is continually drawn. The glass filaments may be gathered

together into a strand and wound into multifilament threads or may be individually
wound on spools.

The manufacture of glass filaments is a standard, highly developed process and no

problems are foreseen in transferring this process to the lunar surface or to a SMF.

A surface coating is usually applied to glass filaments prior to winding in order to

protect them from abrasion damage. The equipment required for the production of

glass filaments includes a melting furnace, container with bushings and orifices,

collecting drum winding machine, sizing application equipment, spools and one

industrial robot. Requirements for power will total 7 kW and equipment will weigh
4 tons.

Reference:

%.2

Kirk-Othmer Encyclopedia of Chemical Technology, Vol 10, 2nd Edition, 1960 pp 565-566.
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PARTS i_IANUFACTURING DATA SHEET

ITEI%I NU_IBER (8)

Aluminum End FittinFs for:

a) Primary support struts

b) MPTS secondary struts

Production requirements

420 T/year 52. 7 kg/hr
1.05 x 106 parts/yr 133 parts/hr

96.5 T/year 12.1 kg/hr

402,000 parts/yr 51 parts/hr

The end fittings for both sizes of foamed glass struts will be fabricated from 1.0 mm

thick aluminum or aluminum alloy sheet. The sheet will be cut to size, roll formed

into conical sections and electron beam welded. The cone tips will be flattened and

drilled for pin connections.

Equipment requirements include sheet metal cutters, blanking presses, roll formers,

electron beam welders and industrial robots. Some of the facility items required to

produce the Klystron solenoid and collector housings may be used to fabricate the strut

end fittings, see item number (9).

Additional facility and po_r requirements to fabricate strut end fittings include:

Facility weight

Power requirements

Industrial robots

- 8 tons

- 37kW

-2

D-11
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PARTS MANUFACTURING DATA SHEET

ITEM NUMBER (9)

Aluminum Housings

Klystron solenoid housing

Production requirements

277 T/year 34.8 kg/hr

194,112 parts/year 24.4 parts/hr

I_lystron collector housing 132 T/year 16.6 kg/hr

194,112 parts/year 24.4 parts/hr

Both of these parts are fabricated from 1.0 mm thick aluminum or aluminum alloy

sheet. The solenoid housing is a cylindrical section with welded attachments and the

collector housing is a conical section with various heat pipes, waveguides and other

attachments welded to it. Equipment requirements include a sheet metal cutter, roll

forming equipment, blanking press and dies, welding jigs and fixtures, metal arc and

electron beam welders, welding stations and 2 industrial robots.

Estimated power requirements

Estimated equipment weight

- 77kW

- 28 tons

ITEM NUMBER (10)

Copper Plate

Aluminum klystron cavity

0.03 cm thick Cu plate

Production requirement

90 T/year Cu 11.3 kg/hr

194, 112 parts 25 parts/hr

The klystron cavity area to be plated amounts to 1725 cm 2 and each cavity requires

the deposition of 0.463 kg of copper..Copper can be electroplated at a rate of 0.006"

(0.015 cm)/hr from a pyrophosphate solution at 5 volts and a current density of 1080

amps/m 2.

If 25 parts were to be electroplated simultaneously it would require 23.3 kW and it would

require 2 hours to plate the required thickness. Consequently two plating baths can be

used to obtain the required production rate. Each bath would be 1.5 x 3 x 0.75 m in size and

would require the use of an industrial robot. The total equipment requirements would be:

Item kW Tons

2 plating tanks & power supply 46.6 1

electrolyte -- 7

2 industrial robots 22 2. 8

Total 69 11
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PARTS MAINTJFACTURING DATA SHEET

ITEM NUMBER (11)

Foamed Glass Components

a) MPTS Waveguides

2.87m wide, 4cm thick

b) Primary Structural Members

50cm diameter tube

1 cm wall

Production Requirements

8585 T/year

1101 km/year

27,295 T/year

13,040 kin/year

1.09 T/hr

2.3 m/min

3.46 T/hr

27.3 m/min

c) Secondary Structural Members 2143 T/year 0.27 T/hr

25 cm diameter 2090 kin/year 4.4 m/rnin
1 cm wall

Total requirement 28,023 T/year 4.82 T/hr

16, 231 kin/year 2.04 km/hr

Native glass will be recovered from lunar fines by means of electrostatic beneficiation.

The glass particles will be ball-milled to particle sizes under 5 _m in conjunction with

0.5% by weight of carbon, 0.3% by weight of SO3 in the form of sodium sulfate, and 1%

by weight of water. The resulting mixture is fed into formed molds and traversed

through an electrically heated furnace at 900-1100°C where the foaming action takes

place, then through a surface-smoothing mechanism into an annealing furnace where

the foamed glass components are stress-relieved at 500-700°C. The annealed glass

is then cut into desired lengths, the ends tapered by grinding or machining and the

aluminum end-fittings swaged into place. The foamed glass structural members may

then be assembled into subassemblies or transferred to the SPS for fabrication into the

primary and secondary structure.

Foamed glass is produced in a highly automated plant incorporating the following

equipment:

Ball mills

Classifier

Storage bins

Conveyer belts

Extruder

Pre-kiln cutter

Dryer (120-150°C)

Tunnel kilns (40-55m long, 900 °-II00°C)

Annealing kilns (500°-800°C)

Kiln cars

Post-kiln cutter

Molds and tooling

Silica (Si02) can also be obtained from lunar soil by electrolysis to elemental silicon

and oxygen and their chemical reaction to form silica or by the acid leach process

recommended by Dr. Waldron. Silica from either of these sources can also be used

to manufacture foamed glass components. It is estimated aht 70 industrial robots

would be employed in the production of foamed glass parts.
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ITEM NUMBER (11) continued

Total power requirements - 2.00 MW*

Estimated equipment weight - 840 Tons
*Scaled up from a 40T/day plant

described in Reference 2.

References:

1. "Manufacture and Uses of Foam Glass," B. K. Demidovich, Document #AD/A-005

819, Army Foreign Science & Technology Center, Charlottesville, VA, 25 Oct 1974.

1 "Foam Glass Insulation From Waste Glass," Utah University, Salt Lake City,

Utah University, Salt Lake City, Utah, U. S. Dept. of Commerce Report

PB-272 761, Aug 1977.

%,2

PARTS MANUFACTURING DATA SHEET

ITEM NUMBER (12)

Aluminum Desposition Production Requirements

on MPTS Wave,ides 191T/year 24.0 kg/hr

1101 kin/year 2.30 m/rain
Q

o

The v_-aveguide segments are 2. 87 m wide and are to be coated with 6.67 _m _66,700A)

thick aluminum. The aluminum will be deposited on the foamed glass waveguides by electron

beam vapor deposition, using 6--160 kW electron beam guns operated by a 1000 kW, 50 kV

power source. The six guns would be placed 3 across the 2. S7 m width of the wave guides,

with 3 more placed behind the first set but staggered in order to maintain a uniform coating

thickness. A low voltage power supply is required for beam deflection.

Facility requirements:

Power:

Weight:

6-160 kW electron beam guns

1200 kW

5 tons

References:

1. "Deposition by Electron Beam Evaporation With Rates of up to 50 #m/sec"
S. Schiller and G. Jasch.

2. "Physical Vapor Deposition," Airco Temescal, 1976.
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PARTS MANUFACTURING DATA SHEET

ITEM NUMBER (13)

Steel Heat Pipes Production Requirements

2.22 cm diam 3808 T/year 3.28 kg/part

2.67 m/pipe 1.16 × 106 parts 146 parts/hr

The heat pipes will be fabricated from 7.0 cm wide, 0.25 cm thick steel sheet will be

roll formed into tubing and will be butt welded in an automatic welder. The heat pipes are

closed at one end, with the other attached to the klystron; 6 per unit, with 4 attached to

the cavity/solenoid section and 2 to the collector. The end closures are made by pressing

the tubing ends flat and sealing them shut by welding.

Since the klystron solenoid and collector housings are fabricated from aluminum or

aluminum alloy sheet, the attachment of the steel heat pipes to the klystron housings

will require the use of Al-steel Detacouple joints.

The heat pipes have a relatively sharp bend just before their attachment to the aluminum

radiator sheet.

The Detacouple Joints w'ill require manufacture on and transport from earth. Each will

be 2°22 cmO.D., 1.72 cm I.D. and 1.5 cm long and will weigh 11.56 grams. 0.75 cm

of the length will be aluminum and an equal length will be steel for electron beam welding

to the aluminum klystron housing and the steel heat pipe respectively. With 1.18 × 106

Detacouples required, a total of 13. S tons of sk, ch couples will be transported from earth.

The equipment required to manufacture the heat pipes will include roll forming machines,

automatic tube welders, a press to form the tube end closures, electron beam welders,

a tube bending machine and 5 industrial robots. 107 kW of power _ill be required and the

facilities will weigh 61 tons.
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PARTS MANUFACTURING DATA SHEET _ j

ITEM NUMBER (14)

Glass Fiber Insulation

Electrical Wiring

Production requirements

750 T/year 94.2 kg/hr
0.1 × 106 kin/year 212 m/rain

Insulation for 1.13 mm diameter A1 wire

Glass fiber insulation may be applied to wire by either braiding or by wrapping with

tape. Since untreated glass fiber materials have limited resistance to abrasion and

flexing, it is ad_-isable that some surface coating be applied to the glass fibers.

Insulation braiding machines are generally capable of production rates of 1000 ft/

8 hr day or 0. 635 meters/minute, and braid sleeves are currently produced for wire

down to 1 mm and less in diameter. At the above production rate, a total of 334

braiding machines are required to apply insulation to the electrical wiring for the SPS.

Each braiding machine is approximately 1 x 1 × 3 meters in size, _ith 16-20 bobbins,

each loaded with spools of monofilament glass thread.

Equipment required for applyin_ insulation

Type No...._:.

Braiding machines and

support equipment 334

industrial robots 15

Power

.(kW) Weight (T)

250 334

165 21

415 355

The glass filaments are wash coated with approximately 0.5 to 1.0_ by weight of a

modified silane coating to provide abrasion resistance. This v-ill require furnishi'ng

5-10 tons/year of the wash coating compound from earth,

Reference

Victor Wire & Cable Corp, Los Angeles, CA, Personal communication.

V
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COMPONENT ASSEMBLY DATA SHEET

ITEM NUMBER (lS)

DC-DC Converter Production requirement

2029 T/year 4.45 T/assy

456 Assemblies I.4 assy/day

Each DC-DC converter assembly contains a 2.18 ton Fe-Si-A1 alloy transformer core,

0.91 tons of aluminum wire and 1.36 tons of electronics, controls and packaging. The

0.91 tons of aluminum represent 334.8 km of wire wrapped around each transformer

core at a rate of 3. 875 m/sec.

Total weight without housing is 4.45 T, assuming packing density with electronics of 3,

volume is 1.84 m 3. If DC-DC Converter is a cube with 1.23 m on a side, surface area

is 9.0 m 2. Housing of ribbed A1 0.25 cm thick would weigh 9.0 (. 002S) (2.7) or 0.06T.

Winding wire on the transformer core will require 2 machines, each weighing 1 ton. The

assembly fixture requires parts storage bins, turntable and controls, locating tools and
2 industrial robots.

Total power requirement

Facility weight

30 kW

12 tons

ITEM N'UMBER (16)

Klystron Assembly Production requirements

32 kg/assembly

25 assemblies/hr

Assembly of the klystron involves winding of the solenoid wiring, assembly of the

cavity pole pieces and solenoid housing, assembly of the collector plates under the

collector section cover and welding the various components and housings together.

The production rate of 25 per hour will require 12 separate production fixtures, each

equipped with a turntable, wire winding equipment, EB welders and tooling as well

as an automated industrial robot to put the component parts together. The equipment

weight is estimated to be 30 tons, with 180 kW of power required for this production

operation. One industrial robot has been assumed for each production fixture, resulting

in a total requirement for 12.
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COMPONENTASSEMBLYDATA SHEET.

ITEI%INUMBER (17)

DC-DC Converter

Radiator Assembly

Size- 360 m 2, 9m×40 m

Production requirement

4$6/year 1.4 Assy/day

The radiator assembly consists.of a 9 m × 40 m panel fabricated from two mating

1.0 mm thickness aluminum sheets which are preformed to provide flow passages

through the panel. The heat transfer fluid is pumped through these passages and

back to the DC-DC converter, via tubing. The tubing pattern is formed in the

aluminum sheet by draw forming, with one-half of the tubing segment formed in each

sheet. Assembly of the two sheets completes the tubing pattern. The panel will be

fabricated from 1 × 2 meter segments each of which is stamped with the appropriate

tubing pattern. The mating sections are then roll-seam welded together to make the

tubing pressure tight and adjacent segments are butt welded together to build up the
9 x 40 m assembly.

Facilities required for this fabrication include a cutting machine, a forming press and

dies, an automated roll seam welder and a fusion or electron beam butt welder as

well as 2 industrial robots for material handing.

Power requirement Facility w_eight
kW tons

24 72

V
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L COMPONENT ASSEMBLY DATA SHEE T

ITEM NUMBER (18)

Klystron Radiator
Size- 2.57 m 2, 1.5m×1.7 m

Production requirement

194, ll2/year 24.4 Assy/hr

The radiator assembly consists of 6 Klystron heat pipes attached to aluminum sheet

radiator se_cm_ents varying from 0. 246 to 0.253 m in width and 1.65 to 1.71 m in

len_h. The operating temperature of the cavity/solenoid radiator section is 300°C

and that of the collector section is 500°C.

The alloy steel heat pipes can be attached to the aluminum radiator segments by means

of aluminum brazing either in a furnace or in a salt bath° Aluminum braze alloys can

be made from lunar derived materials; a common alloy consists of 89.5_ A1-7.5_

Si-4% Mg. Brazing can be done at 600-630°C, well below the melting point of aluminum.

The facility-requirements include a cutting machine to produce aluminum strip, a brazing

furnace with a conveyor system, fLxtures, tooling and industrial robots. In addition,

33.2 tons/year of brazing alloy are required, as well as 60 tons/year of soidum fluoride

brazing flux which must be obtained from earth. The tooling fixtures are required to

position the heat pipes to the aluminum sheet metal during the furnace braze cycle.

Power Required
30 kW

Equipment weight
14 tons

Industrial robots - 8
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COMPONENTASSEMBLYDATA SHEET _ o
V

ITEM Number (19)

Structural Member

Assembly

Production Requirements

726,000 Assemblies/year

2 fittings/assembly

92.1 Assy/hr

Foamed glass - primary and secondary structural members

Min length- 6. S m, Max. length- 144 m

The tubular foamed glass structural members (25 and 50 cm O. D. ) are cut to length;

the ends heated to the softening temperature, and swaged down to cones with 10 cm O.D.

at the ends. Circumferential crimping grooves will be included several cm from the

tapered ends for the attachment of the aluminum end fittings (item number 8).

Equipment required

Type Qty

Heating Furnace 3

Swaging machine 5

Groove former 3

Crimping machine 3

Industrial robots 6

Total

Power Req'd, kW Mass, tons

3O 15

15 5

3 3

1 1

66 8

115 kW 32 tons

ITEM hqIMBER (20)

MPTS Wave_ide

Subarray Assembly

114 m 2 assembly

Production Requirements

13,865/year, 1.74 Assy/hr

Four waveguide half-seg-ments, each 2. 87 x 9.9 m are laser welded together to form

a panel 11.48 x 9.9m in size. Two such panels are then placed face to face and laser

welded together to form a completed subarray assembly. The equipment required for

the various operations include laser welders, positioning fixtures and industrial robots.

The facility for manufacturing the MPTS waveguide subarray assemblies will weigh

25 tons and require 30 kW of power. Two robots have been assumed to perform

handling tasks.
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SOLAR CELL PANEL FACILITIES DATA SHEET

ITEM NUMBER (21)

a) Silica glass,

solar cell covers

1.17 m wide

75 _ m thick

Production requirements
21,658 T/year 2.72 T/hr

86,463 km/year 181 m/rain

b) Silica glass, 1.17 m wide

solar cell substrates 50 gm thick

14,439 T/year 1.81 T/hr

86,463 km/year 181 m/rain

Window glass compositions are currently being produced in 2'x2' (0.61 × 0.61 m) size in thickness

down to 0. 002" (50 /_m). This is being done by the downward drawing process in which molten

glass falls through a narrow slit corresponding in width to the desired thickness of glass.

While silica glass has a higher melting point than window glass (1710oc as compared to

1400°C) and the desired width of 1.17m is twice that of current practice, only a moderate

advance in current technology is required to produce the silica glass. Silica glass can

be melted in alumina (A1203) or magnesia _IgO) lined electrically heated furnaces. The
latter oxides have melting points of 2050 ° and 2800°C respectively.

Glass sheet can be made in this way at approximately 5 m/minute, and can be made fiat and

smooth and will not require surface grinding or polishing.

E quipment requi red:

Melting furnace, 20 tons/hr capacity

Power Weight

kW tons

18,000 25

10 insulated molten glass tanks:

5 with 7 Mo dies, each _th slits 50/_m × 1.17 m -

5 with 7 Mo dies, each with slits 75 /_m × 1.17 m -

15 industrial robots 170

15

15

21

Total 18,170 76

References

1. Kirk-Othmer Enclycopedia of Chemical Technology, Vol 102rid Edition, 1966

pp 533-604

2. Personal communication, Dr. J. D. MacKenzie, UCLA.
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SOLAR CELL PANEL FACILITIES DATA SHEET

ITEM _,_TMBER (22)

Aluminum deposition
on Solar Cell Substrate

(20 _m thick interconnects)

Produc{ion requirements

697 T/year 87.5 kg/hr

86,463 krn/year 181 m/rnin

Electron beam vacuum deposition facilities currently exist which have the capability

to deposit 10 _m of aluminum on 1 rn wide steel sheet at a rate of 3 rn/sec. This is

accomplished with 2 EB axial guns, each of 250 kW power level. Thus 4 electron

beam guns, with associated power supplies, would suffice to deposit uniform thickness

coatings of aluminum on 1.17 rn wide solar cell substrates at 181 rn/rnin (3.017 m/sec).

After vapor deposition of the aluminum on the glass, the coated glass will be masked

with the solar cell interconnect pattern and etched to remove the excess aluminum.

Facility requirements include etching tanks, rnaskant and chemicals.

Power requirements -

Weight of equipment "-

1200 kW

14 tons

V
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SOLAR CELL PANEL FACILITIES DATA SHEET

ITEM NUMBER (23)

Silicon Reflnln_
to PPB Level

Production Requirements

14,775 T/year

Prior to manufacturing the silicon solar cell ribbon, metallurgical grade silicon

(99+% Si) must be purified to the PPB level. This is accomplished by reacting the

metallurgical _rade silicon with hydrogen and silicon tetrachloride to produce tri-

chlorosilone which is subsequehtly reduced to dichlorosilane and then to highly

purified silane. Silane is then decomposed to silicon. The chemistry of this process
is outlined below.

UCC Silane/Silicon Process*

impure Si

(99 + ,c,c)

H 2

<D

®

Hydrogena_on

Unit

(4T)

SiH Ij

HSiCl 3

SiCI4

i H2SiCI 2 I

Trichloro- "- Dichlore-

silane silane reactor

Reactor & Still _ & Silane Purifier

• HSiCI 3(4T) (2T)

Purified

__£__

I 850°C ] Free space
, reactor

Sill4 _ Si ÷ 2H 2

Silane

SiH 4

® Si + 2 H 2 + 3 SiCI4_ 4HSiCI 3

4HSiCl 3_ 2H2SICI 2 + 2SIC14

2H2SiCI 2 _ Sill4 + SiCI4

Sill4 _ Si + 2H 2

D-23



Item h_umber (23) Continued

Plant area

Manpower/shift

Power

Equipment weight

Estimated for

Plant Capacity

of 1000 T/year

2
3790 m

6

1310 kW

400 tons

Estimates for

Plant Capacity

of 14 r 775 T/year

2
S6,000 m

89

19,355 kW

5900 tons

Notes- Si production = 85%

need 1.86 T/b.r, @ 85% recovery rate,

plant must process 2.2 T/hr

Facilities include: pressure vessels

pumps

piping

fluid bed reactors

reactors

storage bins

conveyor s

*page 3-19, Report 5101-67, Proceedings of 9th Project Integration Meeting, April 11-12,
1978.
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SOLAR CELL PANEL FACILITIES DATA SHEET

ITEM NUMBER (24)

Silicon Solax Cells

7.7 cm wide by 50 _m thick;

Production Requirements

14,775 T/year

1. S2 × 106 km

1.86 T/hr

3181 m/rain

Automated production of thin (S0 _m) silicon solar cells of 15-17% efficiency is

currently limited to the "edge-deflned film-fed growth" (EFG) process. The

"ribbon-to-ribbon,' (RTR) process produces thin solar cells, but the efficiency is

reduced to approximately i0%. Chemical vapor deposition (CVD) of thick cells followed

by laser or electron beam zone refinement produces high efficiencies, but requires 5

to 6 times as much silicon as the EFG process. Sawing or sliclng wafers from single

crystal silicon ingots also resu_Its in high solar cell efficiencies, but is even more ¢-aste-

ful of silicon, and extremely difficult to automate.

There are two major drawbacks to the EFG process, one is that the starting material

must be highly purified silicon, and the second is the slow growth rate of the silicon
ribbons.

A machine currently being developed _-ill achieve the capabilib" of simultaneously

growing 10 ribbons, each 7.7 cm wide at a rate of 7.5 cm/minute. At this rate, it

would require a total of 4,283 ribbon growing machines to meet the annual require-
ment listed above.

Facility requirements

4283 EFG ribbon growing

machines, each 2 tons in weight

and requiring 31 kW power

1070 industrial robots (1 per 4

ribbon growing machines), each

requiring 11 kW power and

weighing 1. 363 tons

Total

Power Weight
kW tons

132,773 8,566

11,770 1,460

144,543 10,026

Reference

1. Pages 3-65 through 3-77, Proceedings of 9th Project Integration Meeting, Report

5101-67, April 11-12, 1978, Low Cost Solar Array Project.
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SOLARCELL PANEL FACILITIES DATA SHEET

ITEM NUMBER (25)

Cut silicon EFG ribbon,

dope, apply contacts &

anneal.

Production requirements

7.7 cm wide, 245 m2/min

× 1.52 × 106 km/year 0.3175 km2/day

Silicon ribbon is cut into solar cell lengths, ion implanted on both sides to make

n+ pp+ cells, electron beam pulse annealed, contact interface lines are ion deposited

and the cells are reannealed and prepared for assembly into solar cell panels.

SPIRE Corp. has developed various automated machines capable of performing the

above sequence of operations, and has desi_ned a unitized machine capable of per-

forming all of the above operations at a rate of 180 m2/hr. Each machine will require

approximately 550 kW power and will weigh 30 tons, of which 18 tons represent two
magnets.

Each SPS x_lll require 1.17 x 108 m 2 of solar cells. Since one SPIRE machine can process

1.42 × 106 m2/year, a total of 83 such machines will be required.

Equipment requirement:

83 SPIRE machines

41 industrial robots

Power Weight

kW tons

45,650 2,490

45O 6O

46,100 2,550

References

I. "Proceedings, 9th Project IntegTation l_leeting-

Report 5101-67, April 11-12, 1978 p 4-60 to 4-116

2. Personal communication, Mr. John A. Minnucci and

Mr. Peter Younger, SPIRE Corp.

%J
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SOLAR CELL PANEL FACILITIES DATA SHEET

ITEM NLTMBER (26)

Solar Cell Module

Assembly, 1.29 m 2

Production Requirements

254 parts/assembly 695 parts/sec

78,388,736 assy/year 164 assy/mtn

The silicon cells, cut to size, doped, annealed and with contact interface lines deposited
on them are prepared at the rate of 0.3175 km2/day. As they come from the machines,

they are automatically positioned on silica glass substrates having vapor deposited

aluminum interconnec_rs on the face in contact with the silicon cells. The silica glass

coverplates are positioned over the _ilicon cells and the assemblies are electrostatically

bonded together.

Electrostatic bonding machines under development at SPIRE _dll be able to bond 50 m2/

hr a4th a power requirement of 2.07 kW/m 2 and a weight of 7.5 tons per unit.

Equipment required:

254 electrostatic bonding machines

254 robot fLx-turing devices

254 automated module assembly machines

Total

Power Weight

kW tons

26,226 1905

-- 1230

2,794 345

29,020 kW 3480 tons

References

1. "proceedings of 9th Project Integration Meeting"

Report 5101-67, April 11-12, 1978. p4-60 to 4-116

2. Personal communication, Mr. Peter Younger and

Mr. John A Minnucci, SPIRE Corp.
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MANUFACTURINGFACILITY DATA SHEET

ITEM NUMBER (27)

Glass Bag Manufacture Production Requirements

0.9 T/hr 5 bags/sec

The glass bags are for the transport of lunar soil via the mass driver to the mass

catcher at L 2" Each bag will cor$ aln 2.5 kg of lunar soil and are required at a rate

of 5 per second.

The bags will be produced from seamless woven tubular sections of glass fabric

12 cm in diameter. Each bag will be approximately 12. 5 cm long, with the end

closures made by heat sealing the tubes.

Glass filaments will be produced in part from lunar glass recovered by the beneficiation

of the finer fractions of lunar soil. Silica produced by acid leaching or electrolysis of

lunar soil will also be used in the production of glass fabric for use as transport bags.

Glass filaments x_'ill be produced from molten glass and will be u_ven into tubes using

either circular knitting machines or narrow shuttle looms. The tubular sections will

be cut into 12.5 - 13 cm lengths and one end will be heat sealed. The bags will then

be loaded with lunar soil using automated loading equipment, the open end heat sealed

and the bags conveyed to the mass driver for launching tow_ards L2.

Equipment required for the production of glass bags include a glass melting furnace,

fiberglass production equipment including bushings, collecting drums, winders and

spools, tubular weaving and cutting machines, heat sealers and industrial robots.

The _eight and power requirements are broken down as follows:

glass melting furnace

fiberglass production facility

tubular weaving machine

and industrial robots

heat sealing machines

Total

Power Weight

kW tons

450 15

25 20

300 120

10 2

785 kW 157tons

The loading of bags with lunar soil will require highly automated facilities and con-

veyor systems. It is estimated that these systems would require an additional 25 tons

of equipment and 175 kW of power. These functions and equipment requirements have

been included in the mass driver material handling facility.

V

v
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Table D-2. Stock Manufacturing Facilities.

t-,._

Item

Number

(1)

(2)

(3)

(4)

(5)

(6)

(7)

Stock Products

Aluminum Sheet

1 mm Thiick x 1 m Wide

Aluminum Wire

1.13 mm Dia from Sht

Steel Sheet

0.25 cm Thick x 7 cm
Wide

Iron Sheet

1.02 cm Thick x 16 cm

Wide

Aluminum Castings
0.8 & 3.54 kg/Part

Sendust Castings
2.18 T/Part

Glass Filaments

Total

Production
Rate

1.20 T/hr
17.08 m/min

0.36 Tlhr

127 km/hr

0.54 Tlhr

390 mlhr

80 kglhr
7.42 m/hr

110 kg/hr
-1 Partlmin

125 kglhr
-1.4 Part/day

94 kglhr

2.51 Tlhr

Equipment Description

Electron Beam Vapor

Deposition, (7) 1 200 kW
Guns and Fixtures

Sitting Rolls, EB Welder,

(8) Wire Drawing Machines

Electron Beam Vapor
Deposition, (8) 1200 kW Guns

and Fixtures

Electron Beam Vapor

Deposition, (3) 400 kW Guns
and Fixtures

(1) 50 kW Induction Furnace,

(1) Permanent Mold Casting
Machine

(1) 600 kW Induction Furnace,

Sand Casting Equipment

Induction Furnace, Fiber
Bushings & Collecting

Drum, Spool

Indust
Robots

3

2

3

2

6

18

Facility Estimate

Mass (t)

34

7

38

12

28

5O

4

173 T

Power (kW)

8,783

32

9,603

1,222

126

75O

7

20.5 MW

18108729J9572



Table D-3. Parts Manufacturing Facilities.

o

Item

Number Parts

(8)

(9)

(10)

Aluminum End Ftgs

For Struts (Sht)

Aluminum Housings
for Klystron (Sht)

Aluminum Klystron

Cavity Copper Plate

Foamed Glass Tubes

Production
Rate

64.8 kglhr
184 Parts/hr

51.4 kg/hr
49 Partslhr

11.3 kglhr
25 Partslhr

Equipment Description

Blanking Presses, Roll

Formers, EB Welders and
Fixtures

Blanking Presses, Roll

Formers, EB Welders and
Fixtures

Electroplating Tank,

Electrolyte, and Handling
Fixtures

Ball Mills, Conveyors, Kilns,(ll)

(12)

(13)

(14)

and Waveguides

Aluminum Deposition

on MPTS Waveguides

Steel Heat Pipes

(Sht Material)

Glass Fiber Insulation

on Elect Wire

Total

4.82 T/hr

2.04 km/hr

24 kglhr
138 mlhr

3.3 kglPart
146 Partslhr

Cutters, Molds, & Tooling

Electron Beam Vapor

Deposition (6) 160 kW Guns
& Fixtures

Roll Formers, EB Welders,

Press, Tube Benders &

Tooling

Glass Filament Coater,

(334) Brading Machines

94.2 kglhr
12.7 kmlhr

In,dust
Robots

2

2

2

7O

5

15

Mass (T)

Facility Estimate

Powei(kW )

8

28

11

840

5

61

355

5.52 Tlhr 96 I 1308T

37

77

69

2,000

1200

107

415

i 3.9 MW

18108729J9573
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Table D-4. Component Assembly Facilities.

U
I

co

Item

Number

(15)

(16)

(17)

(18)

(19)

(20)

Component
Assembly

dc-dc Converter

Klystron Assy

dc-dc Converter

Radiator Assy

Klystron
Radiator Assy

Structural

Member Assy

MPTS Waveguide
Subarray Assy

Production
Rate

1.4 AssylDay
4.45 TIAssy

25 Assylhr
32 kglAssy

1.4 AssylDay
360 m21Assy

25 Assylhr
2.6 m21Assy

92 Assy/hr
J = 6.5-144m

1.74 Assylhr
114 m21Assy

Equipment Description

Fixture With Storage Bins,
Wire Spools, Turntable &
Locating Tools

Fixture With Turntable, Wire
Winding, EB Welders &
Tooling

Alum Cutting, Forming
Press, Roll Seam Welder &
EB Welder

Alum Cutting, Brazing
Furnace, Fixtures & Tooling

Furnaces, Swaging Machines,
Crimping Machines &
Fixtures

Indust
Robots

2

12

2

8

6

TOTAL 144 Assylhr

Lasar Welding Equip,
Positioning Fixtures

2

32

Facility

Mass (T)

12

3O

72

14

32

25

185 T

Estimate

Power (kW)

30

180

24

3O

115

3O

0.41 MW



Table D-_ , Solar Cell Panel Facilities.

co
_o

Item

Number

(21)

(22)

(23)

(24)

(25)

(26)

Component
Assembly

Silica Glass Solar
Cell Covers & Substrate
75pro thk X 1.1 7 in Wide

50pm thk X 1.1 7 m Wide

Production
Rate

2.72 sTIhr
1.81 T/hr
181 m/min

Equipment Description

Melting Furnace, Molten
Glass Tanks & Refractory
Dies, Drawing Machines &
Annealing Furnace

Aluminum Deposition
on Glass Substrate

Silicon Refining
to PPB Level

87.5 kg/hr
181 m/min

2.2 T/hr

(4) 250 kW EB Vapor Dep Guns
Plus Masking & Etching Equip

Silane/Silicon Process Plant

Reactors, Stills, Pumps,
Tanks etc

Indust
Robots

Silicon Solar Cells, EFG
Process, 50 pm x 7.7 cm

Cut Ribbon, Dope,
Apply Contacts & Anneal

1.86 T/hr
3,181 mlmin

1.86 Tlhr
695 Partslsec

164 Assylm'm

254 Parts/Assy

(4,283) Ribbon Growing
Machines, 10 Ribbons each
@ 7.5 cmlmin each

(83) 550 kW Integrated Ion
Beam Implanters, EB
Annealing & Contact Coating

15

1,070

41

Solar Cell Module
Assembly 1.29 m2

6.5 Tlhr

Automated Module Assembly
Mach, Electrostati_ Bonding
Equip

254

1,505

Facility Estimate
Mass (1")

76

14

5,900

10,030

2,550

3,480

22,050

Power (kW)

18,170

1,200

19,360

144,550

46,100

29,020

258.4 MW

18108729J9575
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D.3 ESTLAIATE OF UNRECOVERABLE MATERIAL LOSSES DURING SPACE

PROCESSING

Estimates were made of the nonrecoverable losses of both lunar and earth-supplied

materials occurring in the various stages of converting metall_'c and nonmetallic

• elements into stock materials, parts, components and subassemblies for the SPS.

The nonrecoverable losses of lunar materials at all stages of production are low; in

the range of 0.1 to 0. _ since any scrap material can readily be recovered by repro-

cessing. However, the nonrecoverable losses of many lunar and earth-supplied alloying

elements may be much higher, in the order of 5-10%, since it will not generally be worth

the effort and expenditure of energy to recover them from scrapped foamed glass,

metallic alloys, etc.

Tables D-6 through D-10 list the nominal and total quantities of SPS requirements,

starting from the complex assemblies and working back toward the stock materials

required to fabricate the parts and components going into assemblies.

4
V
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Table D-6. Material requirements for SPS Energy Conversion System.

¢o
d_

Product or Compon,:nt

Photovoltaic Bl',mke ts

Qty 256 660 m × 660 m

(Produced at SMF Due to
llandling Considerations)

Solar Array. Modules
Qty 78x106 1.1m x 1.2m

Nonl inal *

Q.t_mtily

0'/vr)

5.4+880
51,570

380

2,930

51_620
14,800

Ov.it,_in: l,tm:tr (L), Eartl ! (I,:)

175 gm Thick Sheet of Modules

. Solar Array Modules (L)
78 x 106 1.1 x 1.2 m Modules

• Module Connecting Tape (E)
1.5 cm × 40 #m Plastic Tape

• Blmfl_et Attachment IIdwre (E)
Chord, Springs & Various

175/Ira Thick Module of Solar Cells
• Silicon Solar Cells (L)

Unrc cove rable

l.,oss Factor

(Percent)

0.15

0.1

2.0

0.5

(Produced At SMF Dtm to
I I andling Cons ide rations)

Silicon Solar Cells
Qty20 x109 7.7 x 7.7cm

(Produced at SMF Due to
Facility & Power Reqts)

Silica Glass Substrate

14,800

22,020

14,941
8.1
0.5

5O

20 x 109 7.7 cm Square x 50 #m

Silica Glass Substrate (L)
78x 106 1.1m x 1.2m x50 _m

Silica Glass Covers (L) 0.
78x 106 1.1m x 1.2m x 75_m

_m Thick Ribbon (EFG Process) 1.
Purified Silicon (L) 1.
Aluminum Contacts (L) 10.
Doping Agents (E) 10.
ile Ileat Xfer Fluid (E) 25.

Qty 78 x 106 1.1 m x 1.2 m

(Produced at SMF Due to
II andl ing Conside rations)

Silica Glass Covers

Qty 78 x 106 1.1m × 1.2m
(SMF -IIandling Consid)

14_830
14,484

346

21,724
346

50 gm Thick Sheet

• Ilig_ Purity SiO 2 Glass (L)
• Aluminmn Interconnects (L)

75 #nt Thick Sheet

• Iligh Purity SiO 2 Glass (L)
• Ahmlinum Intercolmects (L)

Refined Silicon for Solar
Cell Production

(Production Site OptionM)

Silica Glass for Covers
and Substrate

(Production Site Optional)

15,092

36t2_1
1.6,931
19,350

Bt,lkMaterial ,Ingots)

• Metallurgical Grade Si (L)

• Processing Chemicals (E)

Bulk Material (Marbles)
• Metallurgical Grade Si (L)
• Propellant Grade Oxygen (L)

*incl 26.6% Margin

{,i,

1

0.
10.

0.2

2

00
0
0
0
0

46
2
0

0.42

0.2

I0.0

15.0
15.0
20.0

0.I0

0.1

0. i

Total

Qu:n_ti ty

,(l" .,X r)

54,960
51,620

390

2,950

,,+!,840
14,950

14,830

22,060

!5,102
15,092

9.0

0.6

0.5

1't_ 898
'14,513

385

22,153
21,768

385

17,755
17,755

154

36, 317
16,948
19,369
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Table D-7. Material requirements for SPS Structural Systems.

!
¢.J

Product or Comlx)nent

Primary Structure -
Photovoltaie Array &
MPTS Antenna Base

(SMF - Ilandling Consid)

Secondary Structure -
Conductor Support &
Waveguide Support
(SMF - H mldling Consid)

Strut Assembly Nodes
(Production Site Optional)

Fomned Glass Ttdaing
(Produced at SMF Due
to Low Density and
I! andl ing C onside rations)

Ahaninmn End Fittings
(Produced at SMF Due

to Low Part Density)

Nominai *

Quantity

(r /'Vr_

25 t 763
25,343

420

21238
2,141

97

184

170.6
13.4

27,181
358

52O

Origin :. l,tam_, (1_)', Earlh (E)

50 cm Dia Tube With 1 em Wall

• Fomned Glass Tubing (L)

• Altaninum End Fittings (L)

25 cm Dis Tube With 1 cm Wall

• Foamed Glass Tubing (L)
• Ahm_inum End Fittings (L)

Machined Altunintml Castings
• Ahuninum (L)

• Alloying Agents (L)

25 & 50 onl Tube with 1 em Wall

• Refined Nattwal Glass (L)
• Foaming Agents _)

NaSO4, C, I[20 etc.

1.0 mm Thick Ahwaintml Parts

• Ahmlinum Alloy Sheet Stock (L)

Jill Fe COVe rable
Loss Factor

(Percent)

0.21

0.2

0.5

0.22
0.2
0.5

2.23
2.0
5.0

0.34
0.2

10.0

0.5
0.5

Tol.al

(_u:mtity
(r/Yr)

25,394

422

2,145
98

188.2
174.1

14.1

634
2 7,236

398

523
523

Table D-8 Material requirements for SPS Power Trmlsmission Busses.

Product or Component

Sheet Conductors

(P n)duction Site Opt ional)

Cable and Wire
Conductors

(_)roduetion Site Optiomfl)

_Incl 26.6% Margin

Nora in;ll *

Q t_ull.i ty

3,2.39

802
452

350

Origin: I,mmr (1,}: !':arfll (1';)

1.0 mm Thick Ahwninmn Sheet

• Altuninunl Sheet Stock (L)

1.13 into l)iameter Aluminum Wire

• Ahmlintun Sheet Stock (L)
1.0 nun Square Strips

• Woven Fiberglass Instdation (L)

llnre coveral)le
Loss Fact_) r

(Pc rccnt)

0.1

0.5

Total

(_lntnti ty
(T ,/Y r)

3,242

805
453

352
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Nom in:d :'

Product or Comk)onent

Integrated Klystron Module
Qty13,864 9.9m x 11.5m

(Produced at SMF Due to
llandling Considerations)

MPTS Waveguide Panel

Qty 13,902 9.9m x ll.5m
(produced at SMF Due to
It andling Considerations)

Foamed Glass Panels

Qty 111,400 2.87 m x 9.9 m
(Produced at SMF Due to
Low Density and
H amUing Conside rations)

Klystron Assembly
Qty 194,112

(Produced at SMF Due to
Large Percentage of

Earth Components)

Material requirements for SPS MPTS Waveguide Modules.

Unrc cove rable

Q tctnti ty
(r/Yr)

20_966
7,659

7,197

1,607

4,159

344

D-9.

7r675
7,354

321

,, 7,368,,
7,083

93

192

_ 712o4
986

351

167

690

1,980

3,030

Origin; l,unar (L)r !}:arth (E)

8 cm Thick Ptmel With Klystrons
• MPTS Waveguide Panel (L)

8 cm Thick Fomned Glass

• Klystron Assemblies (L/E)
72 kW Klystrons

• Radiator Assemblies (L)
1.0mmAlumimun 1.5m x 1.7m

• Radiator Ileat PiI_s (L/E)
2.22 cm Dia 0.25 em Wall CRES

• Variot_ Other Components (E)
and Attachment Hardware

8 cm Thick Foamed Glass Panel

• Qty (8) Alumintwn Coated (L)
Fomn Glass Segments/Panel

• Klystron Motmting Pads (E)

4 cm Thick Fomned Glass Panel

• Refined Nattwal Glass (L)
• Foaming Agents (E)

NaSO4, C, II20, Etc.
• Vacuum Deposited Alumintun (L)

72 kW Klystron Assembly
• Solenoid Cavity (L/E)

Copper Plated Alum Casting

• Solenoid Ilotming (L)
1.0 mm Altuuintun Alloy Sheet

• Collector Ilotming (L)
1.0 mm Ahm_inum Alloy Sheet

• Solenoid Poles (L)
1.0 cm thick Iron Plate

• _denoid Coil Windings (L)
insulated Ahwaintuu Wire

• Variotm Other Comlx)nenl;s _)

Loss Factor

(Percent)

0.1,5
0.2

0.1

0.1

0.1

0.5

0.20
0.2

0.5

0.62
0.2

I0.0

10.0

0.33
0,2

0.2

0.2

0.2

0.2

0.5

Total

(duanti ty

(I'/Y r)

20_997
7,675

7,204

1,609

4, 163

346

7_ 690
7,368

322

7,414
7, 097

104

213

7_ 228
988

352

168

691

1,984

3,045

*Incl 26.6% Margin
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Ta_e D-9.

C!

Material requirements for SPS MPTS Waveg_ide Modules (continued).

_3
I

Product or Component

Solenoid Cavity
Qty 194,500
(Production Site Optional
Although SMF Preferred)

Solenoid Coil Windings

02roduction Site Optional,
Although SMF Preferred)

Klystron Radiator Assy
Qty 198) 470

(1_)roduced at SMF Dt_ to

II:mdling Cons!derations)

Radiator lleat Pipes
Qty 1.16×10 u

(Plx)duced at SMF Dt_ to
Low Transport Density)

Alloy Steel for

l[eatpipes

Nora inal

(L) I_til ti ty

.(r f_'r)

988
874

114

1,984

1,890

94

i,606
3

3,812

14
337

,2,820

2,693
19.4

1,108

Origin: l.unar (I.)_l':arfl_ (E)

Copper Plated Aluminmn Casting
• Machined Almninmn Casting (L)

• Copper Plating (E)

1.13 mm Diameter Alumintml Wire
• Aluminmn Sheet Stock (L)

1.0 mm Square Strips
• Plastic Insulation Coating (E)

1.5 m × 1.7 m Ahaninmn Sheet
• 1.0 mm Ahun Sheet Stock (L)
• Surface Chemical Treatment

For IIigh Emittence (E)

2.22 cm Dia Pipe 2.67 m Long
• Steel _met Strip (L)

7.0 cm Wide x 0.25 cm Thick
• l)etacouples (E)

• Mercury Transport Fluid (E)

Sheet Steel Strip

(70.5Fe - 1.0Mn- 0.5Si - 18.0Cr
- 10.0 Ni)
• h-on (L)
• Alloying Elements (L)
• Alloying Elements (E)

Un rc cove ra})lc

Loss Facio r

(Percent)

3.01
2.0

I0.0

o.6.__£5
0.2

10.0

0.20
0.2

10.0

0.29

0.2

10.0
0.5

1.65

0.2
0.2
5.0

Total

(_)ua|Iti i.y
r)___

892

127

1,894

105

61u
1,609

3

4) 175
3,820

16

339

a, ss4

2,698.4
19.4

I,166

_Incl 26.6% Margin
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Table

Product or Component

DC-DC Converter Assembly

Qty 456

Transformer Assembly

Qty 456

(Production at SMF Due to
Large Pereent,_e of
Earth Com ponents)

Radiator Assembly

Qty 456

(Production at SMF Due
to Low Density and

II_-mdling Considerations)

Transformer Coil Windings

Material requirements for SPS DC-DC Converter Assembly.

Nominal _

Qua nti iy

(r/Y,.)

2,594

1,741

2,597
1,257

553

787

1,743,
1,315

2
66

360

554

D-10.

Oril_in: 1,mmr (L), Earth (E)

5.4 MW Transformer With Radiator
• Transformer Assembly (L/E)

• Radiator Assembly (L/E)

5.4 MW Converter Package

• Sendust Transformer Core (L)
Alum -I ron-Silicon Casting

• Transformer Coil Windings (L)
Insulated Ahaninmn Wire

• Converter Ilousing
• Electronic Controls _md (E)

Various Oflmr Components

9 m x 40 m Radi'_tor Panel

• 1.0 mm Ahml _met Stock (L)
• Surface Chem Treatment _)
• Ahunintun Tubing (L)

1.0 mm Thick Altun Alloy Sheet
• Various Incl Transport (E)

Fluid, Pumps_Valves Etc

1.13 mm Diameter Ahmlinum Wire
• Ahuninum S]_eet Stock (L)

1.0 mm Square Strips

• Plastic hmulation Coating (E)

528

26

|lllrt_cOVC r;lls] o

Loss Facto,-

IPercent)

0.10
0.1

0.1

0.2

0.2

0.5

0.29
0.2

10.0
0.5

0.5

O. 72
0.2

10.0

Total

Qum_tity

ff/Yr) ...........

4,34o
2,597
1,743

2_ 605
1,260

554

791

1,318
2

66

362

558
529

29

*lncl 26.6_ Margin
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APPENDIX [

Task 5.3 supplementary data supporting transportation analysis and vehicle

definitions in Volume II, Section 4 (Subsections 4.2 and 4.7)of Final Report.

Appendix E contains four sections.

E. 1 Low Acceleration Transfers from LEO to LLO - Analysis for LRU

Study- Pages E-1 through E-12

E. 2 Preliminary Study of Performance and Feasibility of a Heavy Payload

Shuttle Derived Vehicle (SDV)- Pages E-13 through E-27

E. 3 Electric Propulsion System for Lunar Resource Utilization for Space

Construction -- Pages E-28 through E-41

E. 4 Preliminary Investigation of the Feasibility of Chemical Rockets Using

Lunar-Derived Propellants -- Pages E-42 through E-48°
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E.l --LOW ACCELERATION TRANSFERS FROM LOW EARTH ORBIT TO LOW

LUNAR ORBIT - ANALYSIS FOR LUNAR RESOURCE UTILIZATION STUDY

by Lane Cowgill of General Dynamics Convair

SUMMARY:

Data presented in this memo show trajectory characteristics and performance capability

for low thrust transfers between low Earth orbit and low lunar orbit using solar electric
propulsion (SEP). One way transfer times of six months or less were considered.

Trajectory data were generated for initial thrust to weight ratios (T/W) from 6 × 10-Sg

to 1 x 10-4g using SECKSI_OT, a computer program for simulating solar electric orbital

transfers. The thrust pointing direction time histories for these trajectories were optimized

to yield minimum transfer time for the given T/W. The degradation effects of Van ALlen

belt radiation on solar cell power were considered. Shadowing by both the Earth and the

Moon was taken into account. The primary results of this study define transfer time and

ideal velocity as functions of initial T/W (Figures 6 and 7).

INTRODUCTION:

This analysis was performed in support of Lunar Resources Utilization (Reference 1),

a 10 month study program dealing with the utilization of lunar materials for construction

of very large structures in Earth orbit. A sig-nfficant part of the Reference 1 study is

a conceptual definition of the transportation system requirements; such a transportation

system would have many elements, including a vehicle designed for transporting massive

cargos between low Earth orbit (LEO) and low lunar orbit (LLO). This vehicle is envisioned

as having a total mass of up to 15,000 metric tons. The objective of this analysis is to

define some of the trajectory and performance characteristics of the low acceleration LEO

to LLO transfers for this vehicle. Solar electric propulsion (SEP) was assumed. A possible

alternative to SEP is the mass driver reaction engine (MDRE) described in Reference 2.

The results obtained in this analysis can be applied to either type of propulsion system.

DISCUSSION AND KESULTS:

Program SECKSPOT (References 3 and 4) was used to generate the low thrust trajectory

data for this study. SECKSPOT computes time optimal trajectories for low thrust solar

electric orbital transfer. A method of averaging reduces computation time such that analyses

of orbital transfers with continuous thrusting lasting months (or years) are feasible. The

E-1



optimum thrust pointing direction history is calculated using a calculus of variations

formulation such thatthe desired target orbit is achieved with minimum transfer time.

The effects of solar cellpower degradation due to Van Allen belt radiationwere moaeled

in this study,as were the effectsof shadowing by the Earth and the Moon.

GROUND RULES

Trip Time: One round trip between LEO and LLO per year (6 months or less

each way)

Total InitialVehicle Mass: 15,000 metric tons (3.3 × 107 Ibs)

SEP Propellant: ARGON (Outbound from LEO to LLO)

OXTGEN (Return trip)

LEO Characteristics: Semi-major Axis, a = 6856 km

Eccentricity, e = 0.

Inclination, i = 31.6 deg

LLO Characteristics: Semi-major Axis, a = 1788 k_n

Eccentricity, e = 0.

Inclination, i = 0. deg

Constants: Earth Radius = 6378 km

Moon Radius = 1738 km

Earth Gravitation Constant = 398601.2 kun3/sec 2

Moon Gravitation Constant = 4901.8 km3/sec 2

Moon's Mean Orbital Speed = 1.0183044 km/sec

Moon's Mean Orbital Radius = 384,400 km

Lunar Arrival Date: 1990

Thruster Characteristics (Reference 5)

Propellant

Specific Impulse, Isp (sec)

Power per Thruster (kw)

Thrust per Thruster (N)

Thruster Efficiency,

Mass per Thruster (kg)

Argon

7150

160.0

3.25

0.71

22

O_gen

7396

117.2

2.03

0.63

22

V
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Solar Cell Characteristics (Reference 6)

Cell Thickness: 6 mils

Front Shield Thickness: 6 mils

Back Shield Thickness: 20 mils

Base Resistivity: 10 ohm-cm

Power Per Unit Mass: 150 w/l_.

TARGETING TECHNIQUE

SECKSPOT was developed for simulating solar electric geocentric orbital transfers;

however, it was found to be adaptable to the analysis of LEO to LLO transfers by

separating the ascent into two parts, corresponding to geocentric and selenocentric

phases (the programmed central body constants can be overridden by program input).

The method is illustrated in Figure 1. The initial orbit and the final (target) orbit

(for both the geocentric and selenocentric phases) were defined via SECKSPOT input

by specifying their respective semi-major axes (a), eccentricities (e), and inclinations

(i). The interface between the geocentric and selenocentric phases was placed at the

boundary of the lunar sphere of influence, specified in Reference 7 as having a

selenocentric radius of 66,000 kin. For flexibility in targeting, however, the transition

from the geocentric to selenocentric phases was allo#ed to occur within a region, or

shell as illustrated, having its outer boundary defined by a radius of 66,000 km and its

inner boundary defined by a radius of 38,400 kin, at which point the magnitudes of the

gravitational accelerations of the Earth and the Moon acting on the spacecraft are equal.

It was orginally intended to vary a E and e E (within the ranges that would produce posigrade

lunar orbits) to find the optimum combination that would result in minimum ideal velocity

for the total mission. However, because of iteration convergence difficulties (typically

associated with calculus of variations optimization programs such as SECKSPOT) and the

limitations of time and funding, a single set of geocentric target orbit parameters (and

corresponding initial selenocentric orbit) was adopted. The elements of this orbit are

defined in Figure 4. It should be noted, however, that preliminary efforts at parametrically

varying a E and e E indicate that performance variations are very small within the allowable
range of values.

Inclination,the thud orbital element, was targeted in the geocentric phase such that the

spacecraft and lunar orbits were coplanar at lunar encounter. In the selenocentric phase,

an additionalplane change maneuver of about 7 degrees was simulated such thatthe final

orbit (IZ_O)was coplanar with the lunar equator. Orbital inclinationwas always specified

relative to Earth_ equator in order to preserve the validityof the SECKSPOT shadowing

calculations for selenocentric as well as geocentric orbits.
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Figure 1

_THO_ USED F_ _RG£'rl/_ l_f'O- 7"0- LLO
_J$/_v¢ PROGRAP7 SECKSPO T

T_AJECTOBt_S
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Since the inclination of the lunar orbit plane with respect to Earth§ equator varies

with time, the magnitude of the required orbital plane change is a function of lunar

arrival time. Because the moon_ orbit precesses about the ecliptic plane, the geocentric

inclination of the moonk orbit varies between 18.3 degrees and 28.6 degrees through an

18 year cycle as shown in Figures 2 and 3. The adopted target inclination of about 27.5

devotees corresponds to an assumed lunar arrival in 1990. Figure 2 shows that the moon_

equatorial plane is inclined about 6.7 degrees with respect to its orbit plane. Consequently,

an orbital plane change maneuver of this magnitude was simulated in the selenocentric

phase to achieve the desired equatorial orbit.

To summarize, the transfer.from LEO to LLO was targeted in two steps: step one

started in the initial low Earth orbit (LLO) followed by a spiral ascent outward to the

vicinity of the lunar orbit where capture by the Moon was assumed (the orbit phasing

problem was not analyzed). Step 2 started in the corresponding initial selenocentric

orbit followed by a spiral inward to achievement of the final low lunar orbit (LLO).

COM2VfENTS ON ADAPTING SECKSPOT FOR SIMULATING NON-GEOCENTRIC ORBITAL

TRANSFERS

Because SECKSPOT was developed for use in simulating geocentric orbitaltransfers,

some adaptation was required to use itfor selenocentric transfers. The adaptation wss

accomplished with three input quantities;the central body gravitationconstant (U)' radius

(Ro), and specific impulse (Isp). Itwas necessary to implement an artificialvalue of Isp
because of the way the propulsion equations are implemented in SECKSPOT coding.

Thrust, mass flow rate, and acceleration are given by:

2rlDP 2_ DP 2_DP
e e

T = e _= a=

Isp go (Ispgo)z Isp go m

where: T -- thrust (N) P
e

m - mass (I_) I
sp

= mass flow rate (kg/sec) go

a = acceleration (m/sec 2

= Thruster power efficiency D

= initial, undegraded power (watts)

= specific impulse (sec)

= mass-to-weight conversion factor

(m/sec 2)

exhaust velocity (m/see)

= power degradation factor
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SECKSPOT calculates go = _x 103
2

R
O

where -- gravitation constant (km3/sec 2)

R ° = central body radius (tun)

When the input values of _ and Ro are not Earth values, the calculated values of

exhaust velocity and, hence, acceleration are incorrect. Rather than modify SECKSPOT

trajectoryC°ding'an simulations:artificialvalue of Isp (designated as Isp ) was used in the selenocentric, phase

2

R°M _E (1738) 2 (398601.2 Km3/sec 2)
I ' = I 2 = I (6378) 2 (4901.8Km3/sec z) = 6.038 I
sp sp R° E _M sp sp

RESULTS

Figure 4 illustrates an ascent trajectory from LEO to LLO for an initial acceleration

of 1° 0 × 10 -4 g. The instantaneous orbit is shown at various times from the start of

orbital _ansfer. The effects of solar cell power degradation and shadowing are included.

The spacebraft enters lunar orbit at about 120 days and then spends another 25 days spiraling

down to LLO. Figure 5 shows how several parameters of interest vary with time. The

discontinuities in the curves at 120 days reflect the transition from geocentric to selenocentric

_se. Note tI_t virtu_ly all-df the brbit_ pl-ane charge Is accomp'lished at _ei_.mum dis%_[nce

from the central bodY ._ Not_e .alsothat shadowing effects decrease vrlth" increasing orbit size.

_t about_50 days_-afte_-pa-s-sage_o-dgh-_-V_-A e]l_K-Fadi_tfbn--Se-l%.-sol_-_eHpower i_-
stabilizedat about 66 Dercent of the undegraded value.

Table 1 shows that the total ideal velocity requirement for an initial acceleration of

1.0 x 10 -4 g is 8.176 tun/sec and the total transfer time from LEO to LLO is 145 days.

Two sets of vehtcle masses are shown corresponding to argon and oxygen propellant.

The masses shown are based on the thruster and solar array characteristics ground rules
presented earlier in this section.
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Figure 5. Variation of Orbit Parameters
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Table 1. Performance Summary

• INITIAL THRUST-TO-WEIGHT RATIO =

• INITIAL MASS = 1.5x 107kg

1.0 x lO-4g

Geocentric Phase

Selenocentric Phase

Total

Propellant

-3
_s (kg x i0 )

Payload

Solar Array

Thrusters

Propellant

To_/

IDEAL VELOCITY

(km/sec)

6.833

i. 343

8.176

ARGON

8233

5013

100

1654

15000

TRIP TIME

(days)

120

25

145

OXYGEN

7396

5844

160

1600

15000

E-10
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Figure 6 shows totaltransfer time from LEO to LLO as a function of initialT/W. Two

curves are shown; one includes the effectsof power degradation and shadowing (applicable

to a solar electric system) and one excludes these effects(corresponding to a nuclear

electric system). Figure 7 shows ideal velocity requirement, also as a function of

initial T/W, for the same two cases.
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Figure 6. Transfer Time
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E. 2 -- PRELIMINARY STUDY OF PERFORMANCE AND FEASIBILITY OF

A HEAVY PAYLOAD SHUTTLE DERIVED VEHICLE (SDV)

SUMMARY

A study has been made to determine the feasibilityand performance of a Heavy

Payload Launch Vehicle (I-IPLV)derived from the Space Shuttle Orbiter and the

finalPhase B Shuttle Flyback Booster design. This Shuttle Derived Vehicle

(SDV) would use a space shuttleorbiter modified structurally to accept the

higher payload and a LO2/Propane version of the finalfully reusable heat sink

LO2/H 2 booster defined in 1971 at the end of the Phase B study. Itwas postu-

lated.thatthis approach would yield a fullyreusable vehicle based on existing

technology and design with payload in the 350,000 to 500,000 lb. class.

General groundrules used in this study were as follows:

(i) Booster modified to change from LO2/LH 2 to LO2/propane propellants.

External envelope and structural design unchanged except for required
stren_hening.

(2) Booster airbreathing flyback en_ne and associated subsystems removed.

Booster lands dovmrange from launch site.

(3) Orbiter modified" only as required to support heavier payload.

(4) Orbiter external tanks modified as required to accept boost ascent

loads from the tandem mounted booster through the aft bulkhead
Y-ring instead of from the side mounted SRBs.

The SDV based on these groundrules is shown in'Fig/_re 1. Payload is 373,000 lb.

and 295,000 lb. for ETR and WTR launch respectively. Payload for the all cargo

version is estimated at 443,000 lb. for ETR launch. Additional weight associated

with the higher thrust LO2/Propane engines will probably require reshaping of the
booster wing or a 15-20,,c reduction in projected engine weight to regain the required
entry stability margins.

Additional data for the SDV and the LO2/LH 2 booster on which the SDV booster is
based are given in the follo_rlng sections.

%! :
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Figure 1. Heavy.PayloadShuttle Derived Vehicle (SDV)
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Weights (Lb)

Inert

Propellant
Total

Payload

OPTIONAL
CARGO
VERSIO_

ETR

WTR

Cargo ETR

I

Booster

575,800

6,466,000

7,041,800

I

Orbiter

1,552,000

285,855

1,837,855

I

f

/"

0

Vehicle

_I_ LO2

-.--------PROPANE

8,879,655

373,000

295,000
443,000
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Final Baseline Shuttle Phase B Flyback Booster

Figure 2 is an inboard profile of the near-final heat sink booster design designated

B-17E developed at the end of the shuttle Phase B Study conducted by the North
American Rockwell/General Dynamics Convair Division Team. This vehicle was

subsequently modified slightly as shown in Fi=o-ure 3 for compatibility with a tandem

mounted orbiter similar to but smaller than the current orbiter design. Further

details of the B-17E booster design are shown in Figures 4 through 17. Depth of

design and analysis (documented in References 1 and 2) for this vehicle was suf-

ficient to give high confidence in projected vehicle performance in all areas in-

cluding entry heating and control.

NOTE

Figures 2 through 17 relating to the previous definition on the flyback booster have

been deleted from this LRU Final Report Appendix. This was done to reduce printing

costs of material which is detailed back-up information.
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Shuttle Derived Vehicle

Modifications made to the B-17E booster design to develop the SDV are summarized

in Figure 18. External envelope of the vehicle is not modified. Propellant volume

is the same as for the LO2/LH 2 version but the higher bulk density of the LO2/Propane
increases propellant weight from 2,260,300 to 6,466,000 lb. The different volume

ratio for LO2/Propane necessitates relocating the intertank area as shown. Optimum

liftoff thrust level for the booster is 12,000, 000 lb. Ten 1,200,000 lb. thrust engines

were tentatively selected. This is the minimum number which will clearly give ac-

ceptable engine out performance at launch. Twelve 1,000, 000 lb. thrust engines
may have advantages for packaging within the available base area.

Synthesis summaries for the SDV for a WTR launch to 90 degree inclination and a

ETR launch to 28.5 degree inclination are given in Figure 19 and 20. Program itera-

tions were not continued until an exact match was obtained on all weights. These

figures summarize weight, volume, geometry, propulsion, and trajectory data.

Further trajectory data is given in Figure 21. Detail booster weights are given in
Figure 22 & 23.

Trajectory-Trajectory data is summarized in Figure 21. The 3-g maximum accel-

eration constraint required throttling of the booster engines to 62 percent of liftoff

power. A staging flight path angle of 20 degrees was found to give the highest pay-

load. The "roller coaster" altitude profile indicates that a somewhat higher injection

altitude may give higher performance. This was not evaluated for this study.

Entry Center of Gravity - Use of the higher thrust and therefore heavier engines

required for the SDV moves the empty CG approximately 10 ft. aft of the LO2/LH 2

booster location. Entry stability appears to be unacceptable if aft movement is more

than 6 feet. Aft movement can be limited to l_ss than 6 feet if engine weight can be

reduced 15 percent from the value assumed for this analysis. The engine weight

model used assumed that the LO2/Propane engine weighed 80 percent of an equivalent

LO2/LH2 engine. Further analysis is required to determine if the required further
reduction is feasible. If not, the wing may have to be reshaped to regain stability.

Main Propulsion System - The main propulsion system of the booster for the shuttle

derived vehicle utilizes ten 1.2 million pound sea level thrust engines burning liquid

oxygen and propane. A table of predicted performance of the engines versus that of

the Phase B liquid oxygen/liquid hydrogen baseline is shown in the following table:

V

iV

E-16



Figure 18. Modifications to B-17E [[eat Sink Booster
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-- SYNTHESIS SU.'IHARY FOR BOTH ORUTTER AND O00STER STAGES

, ._. G)C BITE REUSAi)LE/ET/HPLV
' - BOOSTER O_BITER VEHICLE

i NEIIHT (L_)

P_OPELLANTe ASCENT LESS FPR 6_65989., 1557601.

PROPELLAI'ITt ASCENT FPP. C, 8;'66.

P;_OPELLAtlTe ASCENT [ORAL* :6_65989, J. 56636T,

P:_OP'ELLANT, OROIT ItANEUVER 28386.

P_3PELLAI'IT, TOTAL 6;65_8_1, 159=,753,.

FLY_ACK FUEL _, O,

PAILOAO Z950 98, ,

_IRUCTURE 5Z56n, 6. ZZBSt6. TS_1Z3•

;ONTTNGFNCY ]ld_; • 606_•

OIrl_ tTZ55, 12_Z3•

IOIAL Tg_G651, ZlIT3551 9tr8005,

IN OP,_I T 5?9TS_,

_.E r u e.N CONDITION 5T_6_t• 26Tr_8°
ENI RY 55T 883, Z35bEO.

LANUIMG 557_103, 235660,

I

(30.

VOLJRE EFT3)

FUEL TANK ]61Z3•

3xIOIZER TANK 69d62•

PROPELLANT TANKS 105@85.

• 'AVL OAO

3Tt,;R Z_9395,

tOTAL 315380.,

G':ONETR_

Lgtl; Trl EFT! ................ 173,1
)OOY WETTED AREA (FTZ) Z6598.k

_03Y PLANFORM AREA (FT2) 8239,_

r,4EOf_ETICAL WING AI_EA (FTZ) 5_30,C

AING LOAOIflG (PSF) 9;,t

• PROPULS ION
TdRUST-IO-NEIGNT

tIC• OF EtlGINES

_L Th_U_TI_NL;, NON/UR 11031_J.e/

V_G THRUST/ENG NOH/Ui_ • 13]_.967,#

SL ISP NON/UR 3C3.0/3G3,0

4AG ISP NOH/UR 338,01_38•G

T_AJ-CTORY
qASS RATIO 3.3 _IL*ZO

C_A_ACTEPISTIC VELOCITY (FPS) IZ955=

NA_(IHUH bYtlAHIC P._ES_URE (PSF|

_TAG_NG {_ytlAHIC P;(ESSURE (PSF)

---- iTAGIN6 VELOCITY (R_LATIVE) IFPS)

IIAGING ALTITUDE IFT)

SIAGINu FLIGHT PATH ANGL- r (RELATI'&E) (OEG)

-- IPIJECTION V_.LOCITY (INERTIAL) (FPS)

IqJECIION ALTITUDE (FI)

t L _)3 J.e_l,

133096;_,

INJECTION FLIGHT PATH ANGLE (ItlERTIAL) (OEG)

INJECTION ItICLINAIIOh _OZG)

5_,6 7Z,

19_ 15,

T_56T•

61359,

Z663£.",

_023C8.,

Q

236.1

3_.16 5. Z

tO 76 5.5

1818,0

1Z9,6

,65 969

3.

361869, /

_TOOOC,/

353•_/

G59=01 •

3 • 68, 66_.

19Z68,

261k1,

30h3 5d•
-, 0 30

9J ,, -_1

1, 30000

tt?31_OT,/ 11931_07,

13309622•/ t33096ZZ,

3G3.0/303, G

330o01338,0

]ZZZZ,

690.8

G.

86T0,

285030,

ZO,900

O_A; LOSS AT STAGINJ • I,_9.50

GRAVITY. LOSS A STAGINU = _15._,_1

BRA; LOSS AT ItlJECTION - L_,9,50

3RAVITY LO_S AT INJECTION = k635.J.k

HIS&LIGNHENT LOSS AT INJECTION = t_.Tg,65

FLY_A3K RANGE (N HI)

Figure 19, SDV Summary - WTR Launch



r' (!,.,:_: SYNTHESIS SUHHARY FOR 80TH ORBITER AND _O, STAGES
GOC U17E R_uSABLEIET/HPLV

O OG S T E R O_ QI T_R V_'H I CLE

NZI;NT (LQ)

P_OFELLANTp ASCENT LESS FPR 6665955, 15_9353°

P_Ot_LLANT. ASCENT FPR O. 9963.

PROF_LLANT_ ASCENT TOTALt 6465955° 1559515°

P_OPELLANT. ORBIT NANEUVER Z&3&9,

.... PROPELLANTp TOTAL .... 6_65955. 1_87TQ_,

FLYB¢CK FUEL 0, 0a

PAYLOAO 37303Q°

..... STRUCTURE ........................... 5266TT. ...... ZZSZ51.

CCNTINGENCY 318_0. 60E_e

OTHER 17335, 131g&,

• IGIAL 7D;176Te ZZQSZ38.

IN ORBIT

RETURN CONDITION .................. 5?SetZ. "
EtJT_Y

L A rID I NG

VOLUff_ (FT3)

FUEL TANK

OXIOIZER TANK .....

PROPELLANT TANKS

PAYLOAD

OTHER

IOTAL

GEOHETRY

LENGT_ (FT)

5DDY NETTED AREA (FTZ)

60DY PLANFORM AREA (FTZ)

55895;,

55895_,

361Z_°

6966Z, '+

1059860

209395,

315380,

173,1 ........

26598,_*

8239o _.
IhEORETICAL WING AREA (FTZ)

_IItlG LOADING (PSF)

PP, OPULS ION

[ P;RU ST-TO-WE IGHT

tlO. OF- EP,SINES

_L ThRUST/ENG NON/UR

rAG THRUST/E_G NON/U'I_
SL ISP NOH/UR

VAC ISP NO_'I/UR

5930,0

94,3

10,

12_25e.1,/ 12_25C1,

13_.1k03°/ 13_,1&03°

3B3°C/]C3,0
338,0/338=0

TRAJECTORY

HA;S RATIO 3° 3ZZ5 n

CHARACIERISIIC VELOCITY (FPS) 1275_°

H_,XIMuH DYNA._IC PRESSURE (PSF)

STAGING OYNAMIC PRESSURE (PSF)

STAGING VELOCITY (RELATIV_ ¢) (FPS)

_TAGING ALTITUDE (FT)

SIAGItIG FLIGHT PAIN ANGLE (R£LATIVE) (QEG)

INJECTI0,_ VELOCITY (INERTIAL) (FPS)

INJECTZON ALTITUDE (FT)

INJECTION FLIGHT PATH ANGLE (INERTZAL) (DEG)
It'JECTICN INCLINATION (DEG)

658585°

255395.

Z35195°

5_Z7,
19825°

7_252.

61359°

2E63EZ.

_01973°

ZSE. G

34136°3

10 75 T, 0

1818.0

1Z9,5

,6385Z

3+
361069. I

470000,/

353°k/

_.59,0/

Z6_C°

30_376.

,GO0

Za°50

75kgZa, ..........

925000S.

1,30000

12_253:6,/ 1ZC25UO&e

13ql;_33./ 13_14G3.3,

3C3,0/303, D

338.0/338.0

30615,

698°Z

1.

6529°

276657,,

ZO,OCO

i iT! ?+ +_
I

i' i

DRAG LOSS AT STAGING

GRA@ITY LOSS A STAGING

DRAG LOSS AT INJECTION m

G_AVITY LOSS AT INJECTION =

NISALIGNHENT LOSS AT INJECTION =

150.33

k086°53

150,33

_5;_.97

1152.08

FLY_ACK RANGE (N NI)

@

e

Fig_,tre 20. SDV Summary - ETR Launch @
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_ .. C! _.
GDC BI?E REUSABLE/ET/MPLV'

l wEI&HT BREAKDOWN- B_OSI STAGE

AERODYNANIC SURFACES

-- WiFIC_ • WING MOUtiTE9 CONTROL SURFACES 57363,

HOR [ZONIAL SURFACES kilt®
VERTICAL SURF ACES 9383,

.... FAI_.INGS_SHROU_S AND ASSOCIATED STRUCTURE ZlT80,

BOOV STRUCTu_

- srRUCTURAL FUEL CONTAINERS ZO]ZS,

STRUCTUPAL OxIO.'Z_R COFITAINERS Zb135,

eASIC; uouv STRUCTURE Z6598e

.... SECONOA_Y STRUC TU_ O.

THRUST STRUCTURE e,658_,,

.... I_IOLJCEQ ENVIRDFIMENTAL P_OTECTION

C')VER PANFLSwNON-STRUCTURAL 18586,

VEHICLE INSULATION 351_0e

LJLU._I_H, RF..COVr_l;'.y AW.) 30CKI FIG,

LAU IICrt G_R _-SB 9(_.

- C_EPLO_A_LE AERODY NANIC OE_/IC-'-'S 100_,'3.

AL[ _..dT TIIG GEAR 20_Z_,

._OC KING STRUCTUR-." r,,

PRO_ULS Iuq

ENGINES ANO ACCESSORIES 151k, 10,,,

_ECOFI.OARV ENGTN-S AND ACCESSORIES G.

FUEL COFITAIttERS AN3 SUPPORTS (NON-STRUCTURAL) (,

oxInIZER CONrAIFI£RS AtlO SUPPORTS(FION-ST_UCTURAL) O.

- SECOFIPAK¥ FUEL TANK&GE AN{) _YST£MS 0,.

SECONDARY OxIOIZE_ TANKAIa_ AND SY_TEflS O.

PROPELLA_II INSULATION 19EL,

FUEL .aY%TEH- MAIN 6055°

OXIOIZE_ SYSTEM - MAIN [_31@,

PU_ (,E S¥$1EMS ZlZ&.

- . AIR/tREATMIFIG ENGINES AND INSTALLATION _,

N_CELLES pPO_S pP¥ LON$ j SUPPORTS O,

AIR_-RC--ATHINb PROPULSION TAII'KASE AND SYSTEMS 123,

O_I"FITAIIOtI,SEPARATION ANJ ULLAG_ C3NTROL

SEP_RAT !ON SY STE'_ O,

STAuILITY AND CONTROL_ ENGINE GI.'IdAL T935.

AERO_JY tlA,'tI C COFITROL S 9_Ze

SPATIAL ATTITUDE CONTROL SYSTEM 7Z3_,

.... COFIIROL PROPELLANT TANKAGE AND S_STEFIS O,

P_IFIE POWER SOURCE AN_ DI':TRIBUTION

POdER SO URC'_ UtlIT$ 359,,,

POWER SOUF.CE TAN,(AGE AFID SYST_.MS _,

POWT_ CONVERSIOh AND 9ISTRIuUTION

,Y ORAUL I Cl PNE UHAT IC Z316,

!

l-a

;UI)ANCE ANO NAVIGITIOFI

IIISr RU,iE:ITAT ION

POUNOS

93193,

1196;5,

zz_a6.

T 63 5£,

175538,

Z_389e

359,i.,

2316.

?Z3.

58Z8_

Flexure 22. SDV Weight Breakdown

Z6019,

Z153,

_256,

98;3,

9Z21,

11855,

12065,

O,

21130,

8k30,

1588o

2081 5.

9262,

O,

68678.

O°

O*

O.

0,

O.

871.

3019.

603T,

961,

U*

O,

56,

3598,

_183,

3281.

-- r 0 e

1630.

Q_

1051,

! rTT_'=!'_rr:iii, :i;i ;: ;,

il.... i i j C!!, I;;,iliI, ll_r;lli,:,:_:,: : I lJ_!,,_I

5kZTO,

100180 ................

3_63Z,

70623.

1051.

3Z8.



t

-- GONNUNICAT ION

P='R$ONNEL PROVISIONS

I D;tY S TRUCIURE

3ESI_N RESERVE (CON[IHGENCYJ

PERSONNEL

PAYLO&B
CAqGO OR UPPER STAGE

"' HE SSION EQU IPNENI/PAYLOAC

P.ESIbUAL PROPELLANT ANO SERVIGF. ITEN$
-_ |&tiK P_S£URIZATIOtl ANb PUt(GE GASES

¿._A PP-CQ FUEL
T_APPEO OXIOIZ_R

- • S=_RVICE ITEMS RESIOUALS

._ESEq#E PROP-LLANT ANU SERVICE ITEHS
FUEL-HAIil PROPULSION
OXIOIZEK-NA IJI PkOPULS ION
POWER _OURC_ PROPELLANTS
LUO_ICANT_
AITIfUOE CONTROL PROPELLANTS

- OPERArIN_ wEIbHT EMPTY

.IN-FLiGHT LOSSES
t_-- ICE ANU FEOST
I FUEL vENTEDto
t,o OxICIZER v-NrEO

- , POWER _OUPCE PROPELLANTS
ATTITUDE CONTROL PROPELLANTS
LU3PICAIITS AND OTHE_ SFRVICE ITENS

" - FLYuACK FU_-L

TNRJST OECAY PROPELLANTS

PROPELLANTS
FUEL - MAIN

-- OXIDIZER - HAIN

FUEL - 5_CONDARY
OXIOIZEE - SECONDARY

H&SS AT FULL THRUST

--PRE-I;NIIION LO_SES

NAXIMJN GRO_S wEI6_T

$RO$$ HEIGHT OF ONE JOOSTER

1TZ61
;918,
Z6 6Z,
18 36.

_e

O.
O.
O.
O.

_e

O,
O,

t50.

O,
O,

17WE565,
_718WZ5.

O.
C.

5S3.

1391.

'SZ56J6.)

$1800.

T6.

Zt3?356,

111 =el,,,

Oe

91reogs.

o.

91T_0o'5.)

7QkOE51.

969;88,
O.

783.
2231,
1Z07.

813.

_Q

O.
O.
C.
O.

Qe

O,
O.

68.
678,

O,
O.

792682;
21kOZ_Z,

Oo
O.

Z51, ""

631,

Z38;tl*)

ZIE,

969_88=

505k,

Of,

J.Stl.

Z93292k.

_1630 }'k,

Oe ................................

q,t638?k.)

3193586.

(:
Figure 22. SDV Weight Breakdown (Cont'd)
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|, , G30 a17E REUSAdLEIEriHPLV

OIF RATIO

ffAS_ RAIIO DURING FLIGHT PHASE 1= 1,0000 0.0000

NAS$ RATIO DURING FLIGHt PHASE 2- 1,0GOC 0,0009

HASS RATIO OURING FLIGHr PHASE ]a 3.38kZ Z.7_

NASS RATIO OURING FLIGHr PHASE _= 1.0000 6.0000

N&S$ RATIO DURING FLIGHT PHASE 50 l°OOJb _.ObO0

NAS$ RATIO OU_ING FLIGHI PHASE 6= 1,0_0_ O.OOgO

NEI;_T SU_HARY

co

HAXINUN GROSS HEIGHT (WGROSS)

P_E-I_NITION LOSSES

HASS AI IGIIITION

FUEL
OxIOIZEE

J_TIISON

ENO OF PRE-FLI&HT PHASE (wTO|

FUEL
OXIDIZER

...... PAYL OAO AOOEOtRENOVEO

INITIAL SEPARATION

IHRU$I DECAY AtlU RESIDUALS ........

_-IURli COHOITIOel (W_IURN)
JEITISOtl AtiO EXP-'HOAf;LES

INIIIAL FLYOACK

FLYSACK FUEL

LANDING WEIGHT (WLAND| ...............

POUNDS KILOGRAMS

91T80l_ 5, i.163074,,

O. O.

9178; r 5. k16307 I,.

O, O.
O, O,
Oo O.

9178035. k16307k.

-17_75_5. -79_68Z.
- k718'o-_ 5 ° - ZI;[. Z_.2.
-ZIJTI55. -96 ¢.,_8&.

57;b61. Z6066Z.
-13kl; 8. -60B2o

56J.2=;3. Z5_580°
-337;). - 15Z9.

55T885, Z5305Z,

._o O.

557883. Z53052.

THEORETICAL VELOCITY INCREMENT
ISP FEET/SECOND HETERS/SECONO

0.0 0,0 0,0

0,0 000 O.G

331.3 1Z996.k 3961°1

0.0 ¢.0 0,0

0.0 O.O _.C

0.0 0,0 0.0

 !III

++.+

Figure 23. SDV Mass Sequence WTR Launch



Propane Hydrogen

Numb er 10 12

Thrust SL 1200 K 414.8

Thrust VAC 1330 K 455.2

40 35

Isp SL" 303 400

Isp VAC 338 439

MR 2.68:1 6:1

To fit within the available base area, the engines will of necessity operate at

4000 psi chamber pressure. Even at this level, the chamber bells will extend slightly

beyond the basic booster mold line. A change to twelve 1,000,000 pound sea level

thrust engines, while offering some improvement, still results in chamber bells

exceeding the mold line. (See Figures 24 and 25)

There was no analysis made to determine optimum engine nozzle expansion ratio

from a performance standpoint. However, a ratio of 40 probably represents a

practical maximum for packaging purposes.

Cost estimates for the SDV are given in Figure 26.

V

REFERENCES

.

o

Orbiter External Hydrosen Tank Study, Volumes I, II, and HI,

N-R Report No. SD 71-141-1 (MSC-03327), 25 June 1971.

Phase B Final Report r Volumes I, H, N'R Report No. SD-71-114-1 and

SD-71-114-2 (MSC-03307), 25 June 1971.
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Figure 24. Base Arrangement

Ten 1,200,000 lb IO2/Propane Engines
Chamber Pressure = 4000 psia

Area Ratio = 40

Fig_lre 25. Base Arrangement

Twelve 1,000,000 lb i_)2/Propane Engines
Chamber Pres._ure : 4000 psia

Area Ratio -- 40



Figure 26. COST ESTIMATE FOR SIIUTTLE DERIVED VEHICLE BOOSTER

t_
!

t_

COST E LEMENT

FLIGHT HARDWARE

STRUCTURES

AERODYNAMIC SURFACES

BODY

TPS

LANDING SYSTEM

PRO PU LSION

MAIN PROPU LSION SYSTEM

ATTITUDE CONTROL

AVIONICS

POWER SOURCE & DISTR.

ECLS

INTEG. , ASSY. & C/O

TOOLING

VEHICLE TEST

GROUND

FLIGHT

SYSTEM SUPPORT EQUIP

SE &I

PROGRAM MGMT

RDT&E

(MILLIONS 785)

298.91

91.83

101.75

58.68

46.65

201.68

68.35

133,33

468. 26

172.59

24.13

1165.57

465.41

1903.55

341.11

171.71

79.91

FIRST UNIT COST

(MILLIONS 785)

66.67

54.46

9.14

1.79

1219.76

68.3.79

32. 11

14.63

132.06

46.74

30.64

26.25

1.56

19.15

256.4O

TOTAL 4127.26 256.40



J

NOTES - Figure 26

¢q
!

1. Estimate excludes cost of facilities and facility activation.

2. Main Propulsion System cost excludes main rocket engines.

ROM cost estimate of the 1.2 million lb. LO2/propane engines is as follows:
RDT&E $1.0 - 1.5 Billion

First Unit $130 Million

3. Basis for estimates is GDC cost data on B9U Shuttle booster as presented in:

Booster Cost Data Book_ 270 Day Reviewp Report 76-118-4-087 dated 2 April 1971.

Costs from this report were scaled to the SDV version based on weight and inflated

to 1978 dollars using the GNP price deflator index.

4. System Support Equipment includes checkout equipment, handling and transportation

equipment, servicing equipment, training materials and aids, training services, initial

spares, publication of technical data for maintenance and servicing, propellants and

gases for facilities development and booster combined systems tests and transportation.

5. Vehicle test includes both test hardware and test operations.

6. Contractor fee is excluded.

7. Off the shelf orbiter thrusters are assumed and no development cost was included.



E. 8- ELECTRIC PROPULSION SYSTEM FOR LUNAR RESOURCE

UTILIZATION FOR SPACE CONSTRUCTION

Enclosure of letter from John Regetz, Jr., of NASA-Lewis

Research Center, Dated June 27, 1978.

A. Zro_e!!ant

F_.l!o::ing the _,..-_,'-!"_'___f. t",_.._!e--,--.L_"fr_:- E,. X- E¢C': t--

R C. Fin"e :n """ 1.7_.) on].'.,"....- ._,. _......_, . _'_'_n 2_.] .-'::"qe,_::ere conzi'.a'::_,-I

An alternate '-_rt_.._gc,_, :-"nan, 'c_:'-i [._ a ":u......-_..'or chg-'_,........''-

4nc_'_-_;_._ .... th-'uzt-to-,o--er :er _-cn !-z crta.-.Z "..-._'ue._.T,_c-..:._:._.-.,'''-

............ "'_ _t _:.....-'fficiamt l'" _'t_" .... :"-ctlcc. ".f -[_gut "

at _e'-_:eraturac [:ete_n a_-out !_ anJ ? C,

• revie-: of _,he ,:.c_cf o:rggen _:az "__'c:[_,-el. U_e _f tZi=

that _re_ent l'" uzed. in 7art:'cu!ar, ca._['_-_2 .-hi !nc ulater;

:_ . ir_ t_ . T::e _ -_ _fi a f,:.r=__chn_i_ _--

__ac .... co -_c:".e e:r er'.e-.ce -:-:+'_ t,_.ruc_n:" .'::-_.-'at-nr. in --'. ......... ... 77- -

gen rich c_nc_ _,_-_--_ _'n .,_........... -

eff_r=s lead u_ to "_":_"a_....,, the: ?:r.-_'_,n,_ c,":l _a u._." := ,_"_...._-.'a_-

sans -:are _ufficiant'--,_;co,',e'_:_.-.;. Th ._.:ht_zcteri:.-_icc __--_" ;th

o:z:'gen and argon zTz=e.v,s -:ere =_-_"_"o ......al--z_!.

Of _......... ..r,-: T_ +'"'e _"...... "" -___t-.:i_'--.._- ,a,_ az_u ....u _.. that .....• i__//- _ _.'.'lu £,7". C.L'EC.
eat/aT, to "_"_ 0_",-_'_.,,. a c'.rcu!ar lT--c:-;_ ic, ._t.a:: ""_'",'_'_- ,'._-ea-::

c,,'t- rec_onab_._ T:,_ cha_e would ;r_:.a"iv l ci-.iiiar "_ :l:::_

sno_:n on :_igura I. This _y_e cf =l=ructcr, _;l-:'ch:,/=c_:_-o._21 _-

sub-=.',odu!ec, is !i::e that _re_en=!- u_'a - _-"_!o_T:.ent for -_:'-"

l_igh current ion sources for _ne cgn_'_'.,_.,=<,nuclear fuzlcn _ro-

gran. Tn,s apprtach a,o_d= severa_ jo_ent:'.al _-_ '-_ ouch

large unsu_._orted --_ans of close --_acad _"_ accelerator gridc

C. Bean Current and 3_ecific i::,:ulce

The ion bear. current _hat r._zy:re c'c_.a:'.ned -roan a LoL:bardme-t

thruszer i$ limited by either _he cecele=ator grid _hysicz (,_:-e

_o-ealled --er':eanca __,,.__) (Rez. _"=., c,r b-- =:'.__r.-.a" consilerct:'_ns

(Raf. 2). An analycis sho::ed that the =h='uc=er under considera-

tion -;cu!d he :;can curren_ llni=ad by _:_.eaccelerator sri:l

physics.

For _ot:: gates the _elacticn of _.ac'.f:'c i:.:_u!_e ",.'. l;a::_i -'n

,ission/sy=te-:. con_idara'_i_nc. The :ear-: _:;er frc.',= _onbard-

:._.entthrus=ar is, hc_:e"er, va--, canci=i"a =c the zelec=__d ;.--ca.'-

fie ....-:-_ul_e...... Tab _...._ i and -l. ::ha-::..•.,a.ajor _h_cster _ara- r_"'r".....

o-_r.,a range of gp,ec::fic. ,,.,_)u,_=,_"_,_"= f_= _1:2 ,-,"_-:c_c=_-d _h_a_:ar ._,..-_',"""".,.,..

V
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for argon and o:z:g.an, res_ecti':e',," :"_"_,_:"-_-ac:.fic i'.n_,ui=ac c-,

be easily attains,, l, if des_,ed, at _ =-_ ':acreages :in " ."

current. I$ should :.e noted tha$ a :ing-a _'.'cus_er design can
operate o',ar the _ '-:,--, '._n_.,,_ range of ,_:acif:lc i:--ul.:e zho_'n ._,._._'..:.:at

T._b!e. This fa¢_ could be uti!izad if v..-.riakla _,ecif:'c i:n''UI:--"

is desirable during a _ing!e :,,i_sla.-,..

D Th_a_ _ar "TM"-

The .-.:assof a circular 12_-c _. ars._, =h--_'Ttar "a_ -_s=i-'_::'a.a;
2? "''. in _":"_ _" " ".._ ,_~.._r_.,c_ 2, T_%a_. 77,2ss 7:c_$ .v._rL, az3,.i "_,' t2. _. --21"C2."._ _-

account for _he non-circular 3ha--e 3a].act__,:. The ",_.-.._-inat.:.vt...cr-__=

mass _:as _hen re!acted at 2[ 7.g.

E. Thruster ' --"---: e _.. -, .,..kc,T.a_

The innut ?o::er, ou_,u_ _h.-'us_, ani _h-.-:.=__r_-ff-.cianc:" a':_.

sho:m on T_'-Ie_ i and I! for argon an,:!::....... raz_ccti--_!-,

_hrus_er :my inherenzl-- he o*e_tec I ....... lzr_ -'_-_ ,_: *",_c'.:-:'.c

impulse The rnn . ' _ _ •....• _ cf "erfo_.'_.nce c.:_., =.._. :.& .zZtain.:,f-" _", -

S! .......

of _::ecific .i:.:_u!necap. ;._ at__a:'.._.a-; .... ' """_'" r_.J,.:c%: "-:z " 2<

curranZc. T::-_ fixed -:-at of a ::o:ta-".'.__-':_-[vc:_-._';".c n:t'.':.--

In'.'ariant ""_" :ire -_-':,as _"-,"_: ccr:t::.-i _ : " ' ".... t....__ C . <..

dcu'_.!e .t.ha: of r.ha -:re=an'.: :>::: _'h::--:._::-..:- ::',_n_. T:-.' ,_:.'f -'-
hence data for o-.--Sen-:ere calcula,=_ I "n,lau 1:[;a::as----i..-. -k. t

the "--_' --:- _),-_-e ..... a_ c.cce_lra_ed ic._.":2s ,.,,' T:..'." _2Stt--_icn-'c:_

based :,n Zhe sbaer--ei dissocia_,icn of £'.a__c_:-£cS_zar (?o-f. _,_"
and :lea',;]*:_'.oau_es (.,_.. ',',_,_ ::hen uced f.r.:: ....' .....'"_-" ...._ .._ ..... _- _.;!_.<:C "_

ii. SYSTZ'.[ "_ "'D:'-_'-G'-.

Tl_e basic de=io_n of =he syst:e:._ fo!.iot:s =b.at _Cudied in <a_c.il

in Reference 5 (Design Conce._t i::), in ?,_-ference _ Zhe __y_t__-.:

_o::er dissi,_ation_ and na_ses -tare cer_-'e-_ far a '" _l_c_r

system ogerated a_ a _o_a! _krua_er :'n-ut .:.<_:erof ahou_ . I'U.

In the se!ec_ad approach the bean and char3e su?p!ias are

po::ered directly fro.-.:_:-e solar ar-'ays (t[:__ _--caiie,/ fi:'r__ct

drive concept), This approach has i;ea:: ,!m.an_tratad ......:_.,_. _, _,
15 and 30 "", -cm a;a:r,e_er _hrus_erz ,'_ _','-_e-.:b!ec l- ;_-_-_-" '-

nresented in figure 2 _:hich _-ho':s ""_
t,_'a_t and interface :,o,-au!es. The ,'hruct ,:o."'ale contain3

thin,stars, a=.,u._:._-,_.. _o-_er ._u_-;._ics, a _ho'o,al control

ayc_a.,) and S'--' _"'-_ .._._,.__.,.uc ..... The in,errs:c- .e.':::_ _,n_--ir.s r__c ---''-..-

" sam ' "d'sc'-art.e . _ "ra_:_n units f_r t.:e ": an= :a.lc, a d:-_riku_.:.on

_n'.'erter, a DC-DC c3..._t_., a _h_,/_ s':'.;;7"c_.c,".I cc.n_roil_,r, a

_her:m _ con'-re! ::y_;:.a:-, -r_-ai.-an ...... "-'....... ": _ructure --
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_:_ny areas, notably _he !o-: su,. _o::er 2-1"as and the rec nf!gur:

tion uni£_., the use ,:f a gas and .....+ic'-no5 ..... at _ LU-:ou!d .......

considerabl-_ SLmg_L.", tea dub_on, o-:tr t.-ose t-sad in _,,.._-nc,._:_"__ =.

Such sim_;!iflcat!ons ;:ere not aszu_.-.e_"::-_'elnbut sh_cid _.ro-:ide

.-zmrg!n in the z::ste=:_definition.

As your _ ,_-_ .....r_qu .......n_. are not "me-m, _'ne -'e:;u!ts of P,eferer_=e

5 ::ill '-=_ nut into a for..,that ___!!o:_'s_._.........._,..__,'_-_.redxction of

_$___._- nara-:etarc, after such basic _.___'-n-_as "-:+-__,,.......in-u-_ -o"'_'"

and s_ec'.fic i-'nu!_e are :a!ecta.:1. The vault.us sy_te.n e!a::an_._

_:i!l be dcscriLed se_ara_ely be!o::.

Thrust ::odul-,

!. Th.__*z_er.-.- The :_',zss and =erfor:'nnce of th __ t.'_ru_t2r

Jesign celected ":er_ di_-cuz_ed in sac_,i:'n - r_t _::ou!d he
9elated out _hat a] _ -_o;er -"_" _ " "--

_-:octo,' ::ithout the need of a _._

_.. . 0..__. o_.:? ,_.aS

h, The :-_ _f each io:: "'s:_.r ;uT-iy anal its h:rn"_:c 'a:

estina_2d to :se a':out 7 ..,_.:'_ it ::ill "-_ ac,-u'e-: :hc_ ......a. "c"a::

:up?ly ,,ass _cala.-. a: :he :qu_,=, _ rcs_ ::? "-::e cut.,uz -_:-:er :::'ca

leads :o a !o:: -.c::ar 2u: _I:," :'_nss of :':--:_ " ::g :-::r ::::r-ls_a:'.

4, 2tape-!lent Distribution - For a 12 th._ster _.:ercury s_s:__.

a total _.ronel!an_ distribution ....._.....
- . "_o

A gas diGtribution s-_t_-: is Ill{el-, to '-_ ::ca'Tier and a.n "" "_....

0.5 ::g per thz-astar ::ill be assu::ed,

5. '_o--_,,_._Control - For the .._a_t_7i';_._,radiater syste:a stu::'.__:

in Reference _ a _'-",s of _bout 23 Kg -,_'"::.ilo:,at_of r__-'ect__:!-_,....--

::as ,_r:-____._ This :'_ss_=._il__also 2e a:._u:.:e,ih_re-n.

_. Structure - in P,efarenca 5, Zha :'::'uzt _.oiu!__ struc_,ur -_

" _ "" e2" "" " "_"I " '0%7consisted of a bean _sembly to "'hich _::,_th:_sta_z, o_ ...... , .

9o-:ar 2u_mli_.s, c.n_ Gone 1:_,_-.n._'.,,_._r_-c_ _.!a:::en',_- -_-_
a_t_ched. Each '--"e.... of..,.._a..: structure :up-orbed. about -,,_,g'""" ,3f
other thrus_ :nc<u!.2"mass. -'_,zu- this :tu.i_,.,:_-...._hru_ :_odui__ _.--.:__-

V

g
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ture _ill be assumed to be ten percent of the _ss of the thrust

module less the structure (i._,).

C, Interface Hodu!e

I. fen Beam P_econfiguration Unit

a. !hss -The mass of _he recenfiguration .'.:as_tudied in

detail in Reference 5 and _:as given as "_5 lid for 12 thrusters. It

is likely that the mass of the reconfigura_.ion unit is more depen-

dent upon the number of _hrusters than the total po:,'er. A mess of

4 [(g per thruster :;as then assumed.

b. Dissipated po:Jer - The total dissipated _o_:er for a

....... -_ 34 inthruster input p_:er of 89 IUJ :;as eot_ ........at ":arts P_aferenoe

5. It _:as assumed herein thaC l _:att of _:er is dissipat__d paL"

kilo:Jatt of thruster input Po::er (PT)

2. Discharge Peconfiguration Unit - in a fashion similiar to

that for the beam raconfiguration uni_, _he .-.assand dissi_ata_ _.

po':er of the di._charge reconfiguration unit -:as esti_.mtad _o -e 3 i[Z

per thruster and one -;art per kilo'_at_ of thruster innut ?o_Ter,

respectively.

3. Other Eler_ents - The other e!__::en_: include the d'_tri'_-.:ni._n

•inverter, the controller, the DC-DC cor.v_.--ta:, and the :-arnezc. -z

is !_Uely that the _ss and d_ssipate£ "_o_r of these _ .....
more sensitive to the number of _t,_::,_r: _'z_n '-t,,a tota_ th_-u_'-_--

input pot:er. Based on this the r_aos =nl "s ":-_t__=-'?o-__r of _::e
other elements -:as asti..-mted frown P,ef__rence 5 to "_-=2.25 "'- :_n; _" ""

._er thruster, respectively.

4. Thermal Control -As in _he case of _he Thrust l[oduia _,har-

real control system, it viii be assumed _ha_ the mass is 23 ilg par

ki!_:att of rejected po::er.

5. Propellant Storage - The propellant storage :._mss for a c_---

o_en_¢ argon system ::as presented in P,eference o and is sho_m cn

Figure 3 as a function of propellant mass. The storage for o:--den

::as assumed to be that for argon times _he ratio of the dens ......f

liquid arson to !'_qu-_ o_,gen.

6. Stz_acture - In P_ference $, th: int__rface module structure

mass of 45 Kg su_norted., a total mass (inc!ud'.ng the Thrust .._'r_'_'_;

of 510 Kg. It :.'ill be assumed that _he in_.erface nodule :.mss is

tam 9ercent of the sum of the Thrust l[cdule and all the other e!a-

nents of the interface i[odule.
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D. System [L_ssand Dissipated Po=,'erSu.v__mry

Table I!i sho_ma su=_ary of the massesand dissipated p_:ers
of the proposed gas _ystems (Argon Tanl_ge t:as assumed).

B. SampleSystem Definition Calculation

I. If a specific impulse of 3043 seconds is assumedalong
_ith a jet po_:er of 500 _, Table i zho_s e total thruster input
po_:er of 600.1 _7. Table I also sho_;s=his vou!d require 5

thrusters of the type selected. An arbitral, i'_,0%"_Xg of _rc-a!-

lant is assumed required for the -_isslon.

2. Thrust :Iodule

a. Frs:_ TaDie iII the total i .......__d _o_:er :s Just
0.o< ._

e::ce'_t the stz--cture and from Table iII i= ca!cu!ated to be 2_ _ .ig.

C •

or 227 XG.

S. Interface [:odu!e

a. Vrom Table iIl the dissi-ate,:: no-par is jus_ i.2)-.

b. The m__ss HilI is all the interfac 9 ::_ss a::ce_t +.he

structure _nd from T_b!e lie _i-_(assuming __"" i',_7ro_ellant and

the arson tankage mmss from Reference _;_ 57 _.."_A_.

c. The _=ss of the interface st_-_'cture is then given a_

0.1 x (570 + 227) = 80 Xg.

4. The system mass and dissipated 7o_:er are then 877 Xg and

1.52 _[, respectiv@ly. Although the scaling factors used are felt

to be reasonable it is likely that s_._e contingency factor of order

25 percent should Be added to provide r_rgin in system design.

= =
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_BLE I

ARGONTI_USTERCHARACTERISTICS

Beam

Current
Specific In!)ut Thrus t,

Impulse, sec Po_ter, kql N Efficiency

P (Jet)

P Total

I

I00 3822 60 1.74 0.54 0.664

4681 80 2.13 0.61 0,748

6043 120 2.74 0.68 0.832

7150 160 3.25 0.71 0.874

81g0 200 3.68 0.74 0 '_.,,99

Assumptions

a. Thrust Losses Fixed at 0.05

b. Propellant Utilization Fixed at 0.9

c. Fixed Po_r Losses IOOW

d. Ion Current Derated 22% from Perveance Limit

e. Discharge Energy per beam ._mpcre of 200 II/A

C, (,,



(!1!!1

_I_BLE IT.

OXYaEN TIIRITSTER CI_%P,ACTERISTIC_

I

Current

151 1

Spec If ic Input Po_;ar, Thrus t,

Lupul=e, see I_l N Efficiency P Total

6039 g5.9 1.65 0.56 0.,$93

7396 117.2 2.03 O. 63 0. 774

954,_ 177.6 2.62 0.69 0._51

11297 238. I 3.I0 0.72 0.gd8

I _,_li, 298.5 3.52 0.74 0. 910

A _ mump t I onn

a. Thrust Loa_e_ Fi;-.ed at 0.05

b. Propellant Utilization Fixed at 0°0

=. Fixed Po_er Losses, llJ0 _I

d. Ion Current Derated 22% frca_ Perveance Limit

e. Di_cImrge Energy per beam amL}er_ , 200 U/L



TABLF, III

''_ H '

HS

Hil_

TIIRUST MODULE

_llrusters
IIG imba Is r

HT_Prope'" 1lant Dist

Lo_ Po_ler Supplies
k.Therma I Control

Jtruc ture

I/,[fEPd_ACEI,K)DULE

fBeam Reconfig. ,
1% Discharge Reeonfig.

MIM_ Other Elenmnts

( Ther,:ml Control
%_.Propellont Storage

k,. Structure

22 xN

7.5 xN

0.5xN

I0. x N

23 x 0.052 x N

0. I x MTM

4 xN

3 x N

2.25 xN

23 x (0.002 i'T +,0.012 N)

470 (as_u,aed lO''Kg Propellant).

0.1 H 8

Dissipate{!

Pod:or, KU

0.052 x N

0.001 x PT

0.001 x PT
0.012 N

.L { (,
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E.4 PRELIMINARY INVESTIGATION OF THE FEASIBILITY OF CHEMICAL

ROCKETS USING LUNAR-DERIVED PROPELLANTS

PAPER NO. 78-1032

AIAA/SAE 14th Joint Propulsion Conf., July 78, Las Vegas

by J. W. Streetman!of General Dynamics Convair

Abstract

The cost of the energy required for launch from the earth's

surface to earth orbitis a major consideration in the large
scale industrializationof space.For example, transportation

costshave been estimated to constituteapproximately 40 per-
cent of the costs of emplacing an operational fleetof solar

power satellites(SPS) in geosynchronous earth orbit (GEO).

Transportation requirements from the moon's surfaceto GEO

are much lower than from earth _ about 5 to 10 percent in

terms ofconventional propellantrequirements. Recent studies

show that the major portions (up to 90 percent) of the solar
power satellitescan be manufactured from lunar materials.

We believethatsimilarfractionsof the structureofmost large

space industria.lizationprojectscan alsobe lunar-derived.
Ifthese materials can be launched from the moon by a

technique thatdoes not depend on the use of substantialquan-

titiesof earth-supplied propellants,it may be possible to

achieve large cost savings in major space industrialization

projects.This paper summarizes the resultsof a preliminary

study of a lunar launch vehicleconcept which uses a chemical

rocket engine utilizinglunar-derived propellantsexclusively.

Potentialpropellantsavailableare oxygen and a number

of metals includingaluminum, calcium, magnesium, and iron.

Performance ofa lunar derived rocket (LDR), using thesepro-

pollantsforlaunch from the moon's surface to low lunar orbit,

was evaluated in the context of an overall transportation
scenario foremplacement ofa fleetof operationalSPS. Use of

the LDR reduced earth-suppliedmaterial requirements more

than 25 percent compared to the use of an oxygen-hydrogen

rocket vehicle.The LDR concept has a number of technical

risks,but those could be resolvedby a feasibilitytestingpro.
gram in the normal earth environment.

In thispaper, only moon-based concepts forconstruction

ofspace industrializationprogram elements are discussedand
evaluated.No attempt ismade to compare the largelymoon

based concepts utilizinglunar materials with exclusively

earth-based concepts for space industrializationwhich are
currently baselined for such programs as the Solar Power
Satellite.

Preliminary Investigation of the Feasibility

of Chemical Rockets Using Lunar-Derived Propellants

The General Dynamics Convair Division is performing a study

for the NASA Johnson Space Center on Lunar Resources
Utilization for Space Construction." The major thrust of this
study is to determine if the use of lunar material in construc-
tion of large space industrial facilities at geosynchronous
earth orbit (GEO), can substantially reduce their cost. Ap-
proximately 40 percent of the overall cost of emplacing solar

power satellites (SPS) is in the cost of transportation from the

earth's surface. The argument for lower cost through use of
lunar derived materials is based primarily on the much lower
energy requirements for transportation of SPS construction
materials from the moon rather than earth, because of the

moon's lower gravitational potential. Only two methods of

* Contract NAS9-15560 "

launching materials from the moon have been studied-- con-

ventional chemical H2/O 2 rockets(x)and the mass driver-

catcher._2,3,4,s)The mass driver-catcherconcept reduces pro-

pellant (but not energy) requirements to insignificanceby

catapulting bulk lunar materials from the surface using a

nuclear powered electromagnetic launcher. This concept has
high technical riskin a number of areas which willnot be

resolved forsome years.Propellant required formoon to GEO

transportation is about 5 percent of earth requirements

using H2/O 2 launch vehiclesand electricorbitertransfervehi-
cles.However, to reduce costs,almost all of the propellants
used forlunar launch would have to be derived from materials

availableon the moon.

This paper givesa preliminary technicalevaluationof a

rocket launch vehicleconcept using lunar-derivedpropellants

exclusively,and compares thisconcept with conventional

O2/112 rocket vehiclesand the mass driver-catcherfor sup-

port of an operational SPS program. This data is based on

preliminary assessment of transportation energy require-
ments and transportationvehicleefficiencies.This informa-

tion willbe refined and updated during the current NASA
study.

Lunar Materials Available

The lunar resource utilizationconcept isbased on the premise

thatusefulmaterialscan be obtained from the moon, and that

deriving these materials from lunar soilis not appreciably

more expensive than theirextractionon earth.The lunar sur-

face and near subsurface are anhydrous and essentially

devoid of carbon and organic material.They consistof rock,

complex metal oxides,and silicates.These have been highly

pulverized by meteoric impact, and the lunar surface is

covered by a free,silty,and angular sand with a scatteringof

angular recks.The depth of the lunar soil,or regolith,varies
considerably with location.The regolithdepth on mare sur.

facesranges from 2 to 10 meters. The highland areas,which

are by far the oldestlunar features,have developed regoliths

from hundreds of meters to possiblykilometers deep.

Compositions and typicalchemical analyses oflunar soils

are given in Tables I and 2. Notable by theirabsence (except
in trace amounts) are the usual activeconstituentsof rocket

fuelshydrogen and carbon. However, oxygen and metals that

can be burned with oxygen comprise approximately 80 per-

cent of typicallunar soft.

A variety of techniques for mining the lunar soiland ex-
tracting useful materials are being studied; it is generally

believed that economically feasible approaches can be

developed.Electrolysisof molten metallicsilicatesholds some

promise ofpermitting directextractionofoxygen and selected

metals at the cathode and anode respectively.

Rocket Vehicle Concepts

The only availablelunar materials which are possiblecandi-

date rocket fuelsare oxygen and variousmetals. Two concepts

for rocket vehicles using these propellants are shown in

Figure I. In the pump-pressure fed concept, the propellants

deliveredto the thrustchamber are liquidoxygen (LO 2) and a

\
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Table I.Compositionsofthelunarre_ith.

Percent by Weight

Mare Highland• Basic Ejecta

SiO 2 39.9 -- 46.2 45.0 -- 45.1 45.1 -- 46.1

FeD 15.4 w 19.8 5.2 -- 7.4 8.6 _ 11.6

AI20 3 10.3 -- 15.5 23.1 -- 27.2 17.4 w 20.6
CaD 9.7 -- 12.1 14.1 _ 15.8 10.8 -- 12.9

MgO 8.2 _ 11.3 5.8 -- 9.3 9.5 -- 10.4

TiO 2 2.1 -- 9.4 0_5 -- 0.6 1.3 -- 1.7

Cr20 3 0.3 -- 0.5 0.I _ 0.2 0.2 -- 0.3
Na20 0.3 -- 0,5 0.4 -- 0.5 0.4 -- 0,7

MnO 0.2 -- 0.3 0,1 0,1 -- 0.2

7890-46

Table _ Ana/ym of/unar _erm_

Typical Apollo 11
Range Rock (Mare)

(_) (_)

Oxygen 09 42-45 40.95
Silieon Si- 19-23 18.78
Aluminum AI 5-15 4.12
Calcium Ca 7-II 7.34
Iron Fe 4-15 15.37
Magnesium Mg 3-6 4.86
Titanium Ti 0.5-5 7.36
Sodium Na 0.2-0.4 0.39
Chromium Cr 0.1-0.3 0.23
Potassium K 0.25
Manganese Mn 0.17

Hydrogen H
Carbon C
Nitrogen N

50 to I00 parts/million
80 to 150 parts/million
60 to 120 parts/million

9518-I

POSTIVEDISPLACEMENTPOWDER
FEEDTO MIXER/FLUIOIZEII

G02

POWOER

TURBINEr i _ /

111111_ MILER

/ _-..... .I & CONTROLS
LO2 PUMP FORCOOLANT,
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fluidizedmixture of lunar metal powder and gaseous oxygen

(GO2). LO 2 issupplied from a pressurized tank as in conven-

tionalpressure.fedrockets.A portionofthe LO 2 ispumped to
a higher pressure and, in cooling the thrust chamber, is

gassified.Portions of the GO 2 thus produced are used to:

• Pressurizethe LO 2 tank

• Run the GO 2 turbine which powers the LO 2 pump

• Fluidize and entrain the lunar metal powder and
transportitintothe thrust chamber

The lunar metal powder, passivated to prevent reaction with
the GO 2 before entering the thrust chamber, is supplied from
a tank with its bottom and outlet appropriately contoured for
powder flow. A spiral screw feed moves the powder through a
duct to a positive displacement feed device which injects pre-
measured incremental quantities of powder into the fluidizer
and mixer, where it is entrained and mixed with GO 2 flowing
to the thrust chamber.

In the hybrid concept, LO 2 is the oxidizer for a solid grain
composed of lunar-derived metal powders held together by a
suitable binder. The LO 2 feed system and a coolant-pres-
surant pump are similar to those for the pump-pressure fed
concept. It would be desirable for the hybrid concept to use a
binder derived from lunar materials. However, no method of
synthesizing a suitable material from lunar materials is cur-

rently known (6). Use of earth-ferried binder may be accepta-
ble, since it would constitute only a small fraction of the

propellant and is evaluated in the following section.

Theoretical Rocket Engine Performance
of Candidate Lunar Materials

Theoretical performance of LO 2 and some of the potential

lunar derived metallic fuels were derived using the NASA

Lewis Research Center computer program _7).Figure 2 gives
performance of aluminum and calcium as functionsof nozzle

expansion area ratio (_)and equivalence ratio IER) for two

tO2

/J

METAL/ _
POW0Eli ;-._
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T
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Figure I. Concepts for roc/_ts uain@lunar-derived propeUant_
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IZfgure 2. Performance of lunar metal fuels with L02.

chamber pressures (100 and 400 psia). ER is defined as the
fraction of fuel required for ideal (stoichiometric) combustion
and can be converted directly to mixture ratio. Some observa-
tions based on this data are:

• Maximum performance (peak specific impulse) is ob-
tained at ERa considerably less than unity, i.e., with a
large amount of excess oxygen. This appears to be
because the predominant combustion species are the pri-
mary metallic oxides in liquid form and oxygen gas. Com-
puter output summarizing performance, thermochemi-
cal, and exhaust composition data in the combustion

chamber and nozzle at approximately the peak perfor-
mance points are given in Tables 3 and 4. With
aluminum, the A120 3 remains in liquid form throughout
the nozzle. With calcium, the liquid oxide begins to
solidify just downstream of the nozzle throat. Beyond an

area ratio of 5, the exhaust flow is exclusively oxygen and

entrained solid CaO. Engines using these propellants can
be considered heated oxygen engines, with the heat being

supplied by combustion of the metallic fuel.

• Performance variations with chamber pressure Pc and
area ratio e are similar to those for conventional fuels.

• Theoretical specific impulse obtained is 80 to 90 percent
of that currently available using typical solid propellants

or LO2/RP-1. Utility of this level of performance is dis-
cussed in the next section.

Figure 3 gives performance of lunar metals with oxygen
and hydroxyl terminated polybutadiene (HTPB) synthetic

rubber as functions of nozzle expansion ratio. The HTPB rub-
ber is 10 percent of the total fuel, a fraction appropriate for
the binder of the solid grain of the hybrid rocket shown in

Figure I. Data is shown for the ER (equivalent to mixture

ratio)which givespeak ISP for the particularfuelused.

Data for both the neat metal powders and the powder-bin.
ders are summarized in Figure 4 in the form of ISP vs ER for a
nozzle expansion area ratio of 30 and a chamber pressure of
400 psia (276 N/cm2). This data shows that:

• Addition of the HTPB binder improves performance,

especially for neat calcium and oxygen. This is as would
be expected since HTPB is largely hydrogen and carbon,
both more energetic than the metal fuels.

• Highest performance is obtained with aluminum, HTPB,
and oxygen at ER of appro.ximately 0.5,

• A combination of calcium, aluminum,, and magnesium

(with HTPB binder) and oxygen in their naturally occur-
ring percentages gives nearly the maximum available
performance. This point is labeled 'qunar soil" in Figure
4.

If extraction of this metals mixture proves to be more eco-

nomical than extraction of aluminum alone, it could be used
with little performance penalty. However, for almost all

transportation scenarios for SPS emplacement investigated,
oxygen requirements drive the total lunar soil processing re.
quirements, with more then enough aluminum available from
soil processed to supply oxygen.

2800
I ALUMINUM/HTPB/OXYGEN

ffim2600

CALCS
r_, / b,MLL, IUM/ALUIVlIH U M/ LUNARSOIL

_ MAGNESIUM/
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1;_,ure 4. Performance summary, mixture of lunar metals,

I-1TPB_ and LO 2.
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l;_ure 3. Performance of lunar metals and HTPB binder with

LO_

The utility of the lunar derived rocket (LDR) has been evalu-
ated in the context of suitability for support of an operational
SPS program in which the SPS is fabricated (at least in part)
from lunar materials.The SPS program isconsideredto typify

other large space industrializationprograms. For thisassess-

ment, use ofoxygen and aluminum, both neat and with 10 per-
cent HTPB, at an overallISP efficiencyof 90 percent shifting

equilibriumwas assumed for the LDR. Data forthese systems

issummarized in Table 5.The LDR based on thisperformance

has a maximum singlestage idealincremental velocity(AV)

capabilityof about 17,000 ft/sec,and has reasonable efficiency

formissions up toapproximately 12,000 ft/sec.Transportation

requirements are outlined in Figures 5 and 6. Components of
the SPS brought up from earth and allearth-moon cargo are

assumed to be transported using a reusable solar electric

cargo orbitaltransfervehicle (COTV). The COTV uses oxygen

propellantderived from lunar materials (oroptionally,Argon
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PC : 400.0 PSIA

CASE NO, Z

CHENICAL FORNULA
FUEL AL 1,00000

OXZOANT 0 2,00000

Table 3. Oxygen and aluminum performance.
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(SEE NOTE)
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1,000000

PttI_ .4000
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0.000 S 298.15 0,0000
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PC= 4.00,0 P$I_

CASE NO. 1

C,_HiCAL FORHJLA

FUEL CA 1.00000
OxZOANT 0 2.G00D0

Table 4. Oxygen and calcium performance.

O_ffi 1.3959 " PerCENT FUF_= 33.3T06 _UIVAL_NC_ RAT[Off .ZdGO

NT FRACTION
(S_E NOTE)

1.000000

1.000000

P_Iffi .ZOO0

ENERuY STATE TE_P DENSITY
CAL/HOL OE= K G/CC

0.000 L 290.15 0.0000

-310Z.000 L 90.18 1.14.90

_ACT ANT O( kS1[ Y-- 0.0000

I

(3>

Ce_ AHtI,: :_ THkOAT gXlT EXIT EXIT EXIT -_'XI!

PC/P 1.50d3 1.r195 11,_¢_5 ZZ.7Zo 55._, 10 150.6Z 213.60
Pt AT"I IT.Z10 15. OZ_ Z,, ;$6 c.0 1.19T5 ._911 .Z08_ • 1_T4.

T_ OEI; K 36_Z 3512 3Z00 3_5e+ Z4h6 Z657 Z551
RHOm _,/CC 50033S-5 3.09?Z-3 5.059_-4. 2.7006-_ 1.Z065-4. 5.5569-5 3.56Z_-5

el, CAL/L, -6_.b -133.6 -351. -) -hZ7°6 -519.4. -600. _, -6e_. Z

$_ CAL/(L.J (K) 1._977 1._97T 1°h977 1.4.-)7T 1._,977 1.4.977 1.h97T

N, HOL I_f 55.878 56._9 "56,,058 56.907 5T.375 58.135 58.528

(OL¢/ULPIT -1.035T1 -1.03116 -1.034.14. -1°03005 -1.0Z24,3 -1.0159] -1.01Z6Z
(OL¥/GLT) P 1.601_ 1.5_96 0.0000 1.,6108 1,, 00 75 1.3703 1,, 3051

GPt CAL/(G) (K) • 64.q_ • _ ;_9/' _. 0000 .72ZZ • 64. 89 =STZT .527]

GAHNA ($) 1.1110 1.1151 ._670 L. 1C66 1. 1050 1. 1060 1. 1075

SON VEL j,_/SEC 7bZ.3 759,_ 67r.5 705.1 6T5._ 6'+8. _+ 633.5

HAGH ;4UNa-'__ 0.0000 1.0000 Z. ZBb9 Z._719 Z,, _084. 3. Z66Z 3,,4.765

AE/AT 1. _GO,J 3.0_00 5.000U 10.000 ZO.O_O 30.900

GSTAR_ FTISEC 38_;, 3_14.4. 3_ 384.4. 384.4. ' 384.4.

CF .04.9 1.323 1._8r 1.065 1.90/' 1.579

[VAC L 0-.; [C/L.3 l_.r. 0 189.3 zo;.o z_0.5 _3_.2 z;1.3

ISP_ LB-$_C/L8 77.5 15_.1 1T7.7 190.9 Z15.9 ZZh.6

ExIT
691.11

.037_

2300
1.Z37_-5

-T_O.Z
1.4.9T?

59.300

-1.00615

1,, 164.T

.4.Z0 1
1. 1136

599.3

3.9674.

00.000
384.4.

Z. OZ9

Z56.3

21+2.5

BASELINE

NOL_ FRACTION5

CA .G0018 .JGOlk .000 2e* .00017 .0000T . 0000Z .00001 ..00000

CA+ .00001 .00000 .00000 .00000 .0d000 .00000 .00000 .00000

GAO($) 0.00000 G. 00000 .2_c.$ .3196Z .32318 . ]Z616 .32767 .33059

CAO(L) .31681 .31c01 .03274. 0.00000 0.0C000 O. gO000 0°00000 0.00000
CAO .00092 .5006_ .0_06_ .0_;03_ .00015 .00005 .00002 .00000

0 ° 09Z_8 .06109 .Odd4.5 .07,1Tb .05956 .0_,25 7 .03375 .0 164.6

OZ ,5,697¢_ .59910 .5_300 .b0106 .61_05 .63120 .6385', .65295
03 .00001 .00000 .00000 .00000 .00000 .00000 .00900 .00000

AOOZI[ONAL PRO[,UCT5 NdICH e_Cg_" CONSIO[REO out X_OS_ HOL_. FRACTIONS HER"- L---55 THAN .50000(-05 FOR ALL AS$IGNEO CONO.ITXONS

CA(S) CA ($) CA(L) ".. O_ O- 02-

NOTE, HEIGHT FRAC|ION OF FUEL IN TOTAL FUEL5 ANO OF OXI3AET IN TOTAL OXIOANT5 6518.4

(,];, C



Table 5. Performance of lunar-derived rocket.

Pump/Pressure

Fed Hybrid

Propellants

Oxidizer LO 2 LO2

Fuel AI powder AI powder 90_
HTPB binder 10%

Mixture ratio 2.22 1.86

Equivalence ratio 0.4 0.6

Area ratio 80 80

Specific impulse (see)

Theoretical 283 29'7

Delivered 2,55 267

Stage mass fraction 0.9 0.9
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Table 6. Assumptions for lunar transportation analysis.

APPROXIMATE ENERGY RQMT - _V FT/SEC

CHEMICAL ELECTRIC VEHICLES

Q EARTH - LEO 31.000 - SHUTTLE, S0V

LEO-GEO(R) 14,200 19,100 EOl'V, POl"Y

LEO-LLO(R) 13.000 28,800 EOTV, POT'V

LL0-LUNAR 8,000 -- H202 OR LDR OW
SURFACE (R)

(_ LLO-GEO(R) 7,100 7.700 EOW. H2/O 2 OTY.
LDR OTY

E - ELECTRIC PROPULSION
(R} EACH LEG. ROUND TRIP

IIII-I

J;?_rure 5. 7_fansportation system ener_ly requirements.

from earth) at an [SP of 7,000 seconds. SPS construction

materials obtained from the moon are brought from low lunar

orbit (LLO) to GEO using either an electric COTV or a chemi-

cal OTV. Propellants for the chemical OTVs considered use

lunar derived oxygen and either earth delivered hydrogen, or

lunar derived aluminum. Transportation from the lunar sur-

face to LLO is by a chemical lunar launch vehicle (LLV), using

the same propellant options as the chemical OTV. All o'rvs

and launch vehicles are reusable so all missions are round trip.

The primary evaluation criteria used in the assessment of

lunar derived propellants venus other possible options are the

earth material requirements (_WR) and lunar material re-

quirements (LMR) for fabrication of 5 solar power satellites

per year, each weighing 100,000,000 kilograms (kg). Aesump.

tions used in computation of these requirements are sum-
marized in Table 6.

Moon-bound cargo is the primary driver of the EMR. For

the LDR option, it consists primarily of life support materials

(for the lunar base) and chemicals and other materials used in

lunar soiI processing. For the O2/H 2 and hybrid LDR rocket

option, H 2 and H'YPB for the OTV or LLV mu_t also be ferried.

Steady-state operations--buildup phase complete & all earth,
lunar & space facilities in place

All hydrogen propellants are delivered from earth

All other propellants used above LEO are obtained from the

moon (oxygen, aluminum)

Processing of lunar soil results in 33_ oxygen recovery

Chemicals expended (lost) in lunar processing equal 0.5_6 of
soil processed

Ecosystems are partially closed. Crew requirements

including food & water from earth are 0.8 ton/year

Manpower requirements _ operational payload/manyear

GEO - 500 ton/manyear (qty of five IOGW SPS/yr)

Lunar -- 81_ tons/manyear

Operational payload is manufactured 90% from lunar material

8518-11

Performance for the options evaluated are summarized

in Table 7. Options 1, 2 and 3 all use the LDR with neat

aluminum for lunar surface to LLO, and trade the use of the

LDR, chemical 02/H 2 and electric 0 2 orbit transfer vehicles

from LLO to GEO. The LDR OTV is seen to be in a very distant

third place in terms of _MR and I.,MR. The chemical O2/_-I 2

and electric O 2 options are close together, but the electric is

clearly the more efficient in terms of performance.*

Option 4 utilizes the hybrid concept LDR from the lunar

surface to LLO, but is otherwise the same as Option 3. Com-

pared with Option 3, EMR is increased 16 percent because of

the requirment to haul up HTPB binder from the earth, while

LMR is decreased eight percent because of the higher ISP for
lunar launch.

Options 3 and 5 compare the use of the LDR (aluminum

powder) and a conventional chemical 02/H 2 launch vehicle

from the surface to LtD. The LDR is the more efficient in

terms of _vIR (27 percent lower) but 58 percent higher in

• Transfer time for th_ electric 02 vehicle is ,_ 10-40 days com.

pared to 2 days for t_ c_micar 02/tt 2 _h_cle.
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Table 7. Summary comparison of lunar transportation options evaluated.

Propulsion Used Material Requirements (lb/lb SPS)

Lunar Lunar
Option Surface--LLO LLO-GEO EMR LMR O2 AI

1. LDR O2/AI LDR O2/AI _7 27.5 7.3 3.57

2. LDR O2/AI Chemical O2/H 2" 5.46 9.46 3.15 1.0,5
1 1

1 I

4_ LDR O2/AI.HTPB" Electric 02 4.08 5.08 1.61 0.66

5. Chemical O2/H2" Electric 0 2 4.79 3.49 1.16 0.13

6. Mass drivert Electric 02 tt 3.24 1.75 0.57 0.13

* H2 and HTPB delivered from earth. All other propellants lunar-derived
t Surface-2:l resonance orbit
tt 2:1 resonance orbit - GEO

8,518-12

LMR. EMR is believed to be the better measure of cost,

ultimately the realcomparison criterion,since the difference

in EMR isprimarly in launch vehiclepropellants (H2,0 2 and
methane) while the differencein LMR isinbulk lunar soilpro-

cessed.Cost ofprocessingthe lunar soilhas not been assessed.

Option 6 uses the mass driver-catcherconcept,with the

catcher locatedat the lunar librationpoint L-2,and the space

manufacturing facilityin 2:1"*resonance orbit around the

earth. The EMR for thisoption is only eight percent lower

than for Option 3.

The overalllifecyclecost,including development, space

facilitybuildup,fleetmanufacture and emplacement; and SPS
emplacement and operation,willbe estimated for these con-

cepts in the Johnson Space Center study in progress.

Conclusions

The use of a chemical rocketvehiclewhich burns lunar-drived

metallic fuelsfor launch from the lunar surface to low lunar

orbitresultsin a substantialreduction in earth material and

energy requirements compared with the use of LH 2,which is
earth manufactured and deliveredto the moon. Performance

in terms of EMR iswithin eightpercent of the most advanced

systems (mass driver-catcher)which have been.postulated.
.Major areas of technical uncertaintiesin the rocket vehicle

system for use ofthe metallic fuelsinclude oxygen coolingof

the thrust chamber, powder feed (forthe pump-pressure con-

cept),and the basicpowder-liquid combustion process.All of

these technicaluncertainties are amenable to resolutionby

straight-forwardtestingin the normal earth environment.

In thispaper, only moon.based concepts for construction

ofspace industrializationprogram elements are discussed.and

"° The space rnanufactaring facility makes two orb_ around the
earth while the moon makes one.

evaluated.No attempt ismade to compare the largelymoon-

based concepts, utilizinglunar materials, with exclusively

earth-based concepts for space industrializationwhich are

currentlybaselinedfor such programs as the SPS.
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Supplementary data for Section 5.1.2 contains explanatory notes to Table 5-4,

Earth Baseline Life Cycle Cost. Also contains figures referenced by the notes.

(Reference Figures F-1 through F-8. )

F



v

V



The following notes accompany Table 5-4 of Section 5 in Volume II:

NOTE 1

Transportation

HLLV

From Davis pitch, Fig. F-1, cost of 15 traits is $15.1 billion.

He used a 14 year program @ 1 SPS/yr.

TFU - $1.38 billion.

Learning curve coefficient can be derived from this data:
l+b

y=ax

15.1x 109 =(1.38x 109 ) (15) l+b

1 + b = . 88..._4 This is a 92.3% learning curve

Referring to the Benson pitch, Fig. F-2, the data does not quite agree. Benson

shows an initial fleet co@t of $6.04 billion for 6 vehicles. Using Davis TFU and

learning curve: Total = 1.38 (6) "884 = $6.73 billion, which is slightly higher.

For our purposes, use Davis' numbers:

Total cost of HLLV production =(I. 38 x 109) N" 884

Figure F-3 (Davis) shows 391 HLLV flights are required per SPS. For a 30 SPS

fleet, 30 × 391 = 11,730 flights. Ground rules in Fig. F-4 (Davis) give a 500 flight

mission life. Total number of HLLV'S required for the program then, is:

11,730/500 = 23.5._ 24

Use Davis assumption that initial fleet size is 6. This amount will be included in

RDT&E. The remaining 18 vehicles will be included in the Production Phase under

vehicle replacement.

Cost to Develop and Produce Initial HLLV Fleet of 6

Development (WBS 1411) (Ref. Davis pitch Fig. F-1 and Benson pitch Fig. F-5)

Cost (Billions _)

1000 Ton CH4/O 2 Engine .8

Second Stage Engine .1

Airframe and Integration 10.2

$11.1 Billion
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NOTE 1 (continued)

Production of Initial Fleet (6 HLLV's) (WBS 1412)

Cost= i•38x 109 (6) "884 = $6. 726 x109

Production of Remaining 18 HLLV's (WBS 2131)

Cost = 1.38 x 109 (24) "884 _ 6.726 x 109

= 22. 908 x 109 - 6•726 x 109 = $16. 182 x 109

NOTE 2

PLV Costs

Development

Fig. F-1 shows development costs as follows:

Shuttle/Ballistic Booster Airframe

Shuttle/Ballistic Booster Integration

Total

$1.9 billion

• 5 billion

$2.4 billion (WBS 1421)

The development to the CH4/O 2 engine was allocated to the HLLV.

Production

Fig. F-4 shows life to be 500 missions• Fig. F-3 shows 36 PLV flights are

required per SPS for a total of 36 x 30 = 1080 flights. Thus

1080

500 = 2.16 PLV's are required. Assume 2 vehicles will be built for the initial

fleet and one replacement will be required during the production phase (WBS 2130)

TFU cost is not provided in the baseline document. This information is given in

the JSC Redbook on page X - D - 31 for a propane/Lox PLV.

PLV TFU Cost $. 354 billion

External tank TFU cost $. 011 billion

Assume the learning curve is the same as a HLLV, then total production costs for

a PLV can be expressed as:
884

TC =. 354 N" (billions of 77 $)
.884

= .354 (2)

= $. 653 billion for the initial fleet (WBS 1422)
% l
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NOTE 2 (continued)

• 884
TC = . 354 (3) - . 653 = $.282 billion for replacement vehicles (WBS 2131)

Since external tanks are expendable they will be considered separately. Learning

is assumed the same as the HLLV.

884
TC = . 011 N"

A total of 1080 ETs will be required, one for each flight. Assume 36 will be fab-

ricated as part of the initial fleet. The remaining 1044 will be fabricated in the

production phase under WBS element 2130.

WBS 1422 Initial Fleet Cost

.011 (36)" 884 = $, 261 billion (ET)

WBS 2130 Replacement Vehicles

•884
•011 (1080) -. 261 = $5.022 billion(ET)

Total initial fleet production WBS 1422

PLV .653 billion

ET .261 billion

Total $. 914 billion

v

NOTE 3

POTV Costs

Development

From Fig. F-lwe can obtain the following costs:

Personnel OTV, 2 stage + crew module

Shuttle/OTV Passenger Module

$I. 5 billion

•5 billion

$2+ 0 billion

Production

Fig. F-4gives the lifeof a POTV as 50 and Fig. F-3 shows that 5 flightsare

required per SPS. Then there are a totalof 30 x 5 = 150 flightswhich requires

150/50 = 3 POTV's. Assume an initialfleet size of 2 with 1 vehicle replacement

during the production phase•
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NOTE 3 (continued)

The SPS baseline does not provide TFU costs for the POTV directly but they

can be determined from Figs. F-1 or F-2.

Fig. F-1

Total cost is. 7 billionfor 4 units

Assume learning is the same as HLLV

• 884
•7 - TFU (4)

TFU cost = $.206 billion

Fig. F-2

Total cost is. 350 billion for 2 units

•884
•35 = TFU (2)

TFU cost - $. 190 billion

Use TFU cost of $.20 billion

InitialFleet (WBS 1432)

•884
T. C =. 20 (2)

= $. 369 billion

Production of remaining POTV (WBS 2130)
884

TC=.20 (3) " -.369

= $. 159 billion

%J

NOTE 4

COTV Costs

Development

Fig. F-1 provides development costs as follows:

SPS Electric/Cryo Thruster Modules (COTV) $1.7 billion

Production

Fig. F-3 shows 1 COTV is required per SPS and this is expended, thus for 30

SPS's, 30 COTV's would be required. Assume an initialfleetof 1 COTV with

the remaining 29 being fabricated during production•
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NOTE 4 .(continued)

Fig. F-I gives the avg. cost per SPS as $1.7 billion.

estimate no learning curve will be applied.

InitialFleet Cost (WBS 1442)

Production of Remaining 29 (WBS 2130)

29x 1.7

Since this is only a soft

51.7 billion

$49.3 billion

NOTE 5

Figure F-6 provides a firstunit cost of $12.829 billion. H. Benson of NASA,

in a telecon with J. Fox of GDC, reported that NASA has added a cost for the

large contihgency in satellitemass. He recommended a 25% increase to the

costs in Figure F-6 to allow for this contingency.

Figure F-6 may be used to determine a learning curve exponent for the

satellite.

AC ---TFU (N)

Where AC --Avg. cost/SPS (billions775)

TFU = First unit cost (billions775)

N = 30 Satellites

b = cumulative avg. cost learning curve exponent
b

7,140.6S6 = 12,829 (30)

b = -. 172 (88.8% learning)

For total cumulative cost, TC, the exponent is 1 + b, or. 828.

increase total satelliteproduction cost can be computed by:

TC = 16. 036 N" 828 (billionsof 775)

For 30 satellites,TC = $268. 011 billion

With the 25%

NOTE 6

Figure F-7 shows a cost of $4.446 billionper SPS. Since each satelliterequires

2 recetnnas this cost is assumed to represent 60 gTound system sites. Rectennas
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NOTE 6 (continued)

will have to be fabricated at a rate of 2 per year in order to support satellite

production.

Total cost over a 30 year production period is: •

$4.446 x 30 = $133.38 billion

NOTE 7

I. Facility Maintenance IWBS 2121)

The SPS base does not provide facilitymaintenance costs. Itis assumed that

maintenance and operation of the propellant production and SPS hardware facilities

is reflected in the propellant and hardware costs. The maintenance and operation of

the launch recovery facilitieswill be considered here.

Assume maintenance costs are 5% of the launch/recovery facilitiescost per year:

•05 ( C (1311)) Y

Where: C (1311) = Development and fabrication cost of launch/recovery

facilities

Y = Number of years of production phase

= 30 years

Maintenance Cost =. 05 (2.8) 30 = $4.200 billion

2. Launch & Recovery Operations (WBS 2122)

It is assumed that the costs for launching and recovering vehicles are contained

in the "personnel" and "other" categories in Figure F-3. Since the splitbetween

launch/recovery operations and vehicle operations is not known, allcosts in

Figure F-3 will be inserted under the transportation category (WBS 2130) and

WBS 2122 will be zero.

V

NOTE 8

1. Vehicle Replacement (WBS 2131)

Vehicle replacement cost is the sum of the production costs previously identified

in Notes 1, 2, 3 and 4.
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NOTE 8 (continued)

.

Vehicle Cost (Billions of 775)

HLLV 16. 182

PLV

Vehicle .282

External Tank 5o 022

POTV .159

COTV 49.300

TOTAL 570. 945

Vehicle Maintenance (WBS 2132)

Vehicle Maintenance is assumed to be included in Figure F-3, under "personnel"

or "other". As mentioned in Note 7, these categories also are assumed to include

launch/recovery operations but no split is shown. The costs under these categories

in Figure F-3 will be shown under vehicle maintenance:

Cost/Flight Number of Total (Billions775)

,($M) Flights

HLLV 8.9 11,730 104.397

COTV - 30 -

PLV 9.0 1_ 080 9. 720

POTV 27.6 150 4.140

$118.257

spares {WBS 2133)

This category is zero for the baseline.

Vehicle replacement.

Propellants/Gases (WBS 2134)

Cost/Flight is contained in Figure F-3.

Cost/Flight Number of Total (Billions 775)

(_M) Flights

HLLV 2.1 11,730 24.633

COTV - 30 -

PLV .5 1,080 .540

POTV .2 150 .030

Total 525. 203

Further evaluation is required to assess costs for the COTV.

Spares costs are included under WBS 2131,
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NOTE 9

Construction System Operations

Figure F-8 provides an initialbase cost for the construction systems as well as

operations costs per SPS of $1. 216 billion• Although not explicitlystated, itis

assumed that the $I. 216 billionis entirely a recurring charge for construction

system maintenance, refurbishment and logistics support.

Total cost for WBS 2320 = 30 x $1.216 = $36. 480 billion.

NOTE 10

The SPS baseline document does not provide satelliteor rectenna operations costs•

The JSC Report, Solar Power SatelliteConcept Evaluation, on page X-D-7 provides

an estimate of 3% of satellitehardware in orbit per year for satelliteoperations"

and maintenance• Itwill be assumed that rectenna operations are also 3% of

hardware costs per year.

Since program operational lifehas not been established, costs will be based on the

30 year period when satellitesare being constructed.

determined by the general relation:

C=(.03A) n(n+l)
2

Satellite

Operations costs may be

Where A = average hardware cost of per satellite or rectenna

n = number of years in operations phase

C = operations phase cost for satellite or rectenna at a 1/year

construction rate.

Average cost can be calculated from WBS 2111

A - 268_011 = $8. 934 billion
30

WBS 3100, cost of satellite operations = 03 (8.934) 30 (30 + 1)
• 2

= _124.629 billion

V
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NOTE 10 (continued)

Recteana

Average cost can be calculated from WBS 2112
133.38

A - = $4.446 billion
3O

WBS 3200, Cost of Earth Rectenna Operations = 03 (4.446) 30(30+1)
• 2

= _62.002 billion

=
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FIGURE F-t

Lyndon B. Johnson Spaco Conter

SPS SYSTEMS DEFINITION STATUS REPORT
TRANSPORTATION SYSTEMS

H. P. DAVIS ] 1/25/78

SPS TRANSPORTATION SYSTEM NONRECURRING COSTS

ESTIMATED COSTS,
SB

BOOSTER/PLV 1000 TON CH4/O 2 ENGINE RDT&E 0.8

SHUTTLE BALLISTIC BOOSTER AIRFRAME RDT&E 1.9

SHUTTLE/COTV PASSENGER MODULE RDT&E 0.5

SHUTTLE/BALLISTIC BOOSTER INTEGRATION RDT&E O. 5

PERSONNEL OTV, 2 STAGE + CREW MODULE RDT&E 1.5

HLLV 2ND STAGE ENGINE RDT&E 0.1

HLLV AIRFRAME & INTEGRATION RDT&E 10.2

SPS'ELECTRIC/CRYO THRUSTER MODULES (COTV) DDT&E 1.7 :

KSC LAUNCH & RECOVERY FACILITIES 2.8

SUBTOTAL $20.0

NOTES

COMMON TO BOTH VEHICLES

INCLUDES ET TANK MODS.

BASED UPON SPACELAB

INCLUDES FACILITY MODS

RLIO-DERIVATIVE ENGINE

SSME MODIFICATION

WINGED, FLYBACK, 2 STAGE

500 FLTS/YR CAPABILITY

THE FOLLOWING INVESTMENTS OVER 14 YEARS ARE AMORTIZED IN THE COST PER FLIGHT ESTIMATES

PROPELLANT PRODUCT,ON FACILITIES

PLY FLEET, 525 FLIGHTS, 4 UNITS

POTV FLEET, 75 FLIGHTS, 4 UNITS 0.7

HLLV FLEET, 5550 FLI3HTS, 15 UNITS 15.1

COTV FLEET, 8 LARGE -r 24 SMALL PANELS PER SPS 1.7 PER SPS

NEW RATES & KSC LAUNCH

MODIFIED EXISTING ORBITERS +

525 ET'S OF 550 TON CAPACITY

SPARES + ATTRITION = 4 UNITS
TFU = 1.38

EXPENDED - VERY SOFT
ESTIMATE



, _Illl2FIGURk .....

SPS SYSTEMSDEFINITIONSTATUSREPORT

COST $ X 106

INITIALFLEETCOST

HLLV (6 REQ'D)

VEHICLEAND SPARES
FUEL
PERSONNEL
OTItER

CO_.(SET OF 8)

PLV (2 REQ'D)

o2QIY_(2REQ'D)

2,820

650

350

COSTISPS

2,268
821

1,760
1,720

2,820

470

230

II125178

TOTA____LL 8,740 10,089



__A Lyndon B. Johnson Space Cenle,

FIGURE. 17-3

I--8

SPS SYSTEMS DEFINITION STATUS REPORT
TRANSPORTATION SYSTEMS

H. P. DAVIS 1/25/78
,l . i ,

SPS TRANSPORTATION COST PER FLIGHT

VEHICLE

HLLV

I,

COTV

PLY

POTV

N_FLTS
SPS

391

1

36

5

VEH]CI.E
& SPARES

4.53

18.7

COST/FLIGHT, $M

PRO PEI.LANT

2. I

0.5

0.2

*RECOMMENDED FOR INTERIM USE
a

PERSONNEL
COSTS

3.58

6.0

I6

OTHER

3.4

3

11.6

TOTAL

13.6

13.2

46.5

TOTAL.

'COST/

SPS

SB

5.32

6.57*

2.82

.47

.23

8.8T0
10.0'

NOTES

FI_YBACK, KSC OPERATION
AT I SPS/YR REQUIRES
STUDY

ADJUSTED BOEING NO.

BOEING PART II, VOL. 6
"THRUPUT"; REQUIRES
STUDY

REQUIRES STUDY

REQUIRES STUDY

C ( C



NASA

I , SPS

FIGURE F-4

ii

i !i
I ,i f!_l_l
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L_''%_....

Lyndon B. Johnson Space Conlor

SYSTFJ,IS DEFINITION STATUS REPORT
TRANSPORTATION SYSTEMS

i

I

H. P. DAVIS [ 1/25178

SPS TRANSPORTATION S.VSTEM COST GROUND RULES

I

¢0

o 1978 DOLLARS

o "PREVIEW" ESTIMATE OF MORE FORMALLY-GENERATED COSTS

SCHEDULED FOR 7/78

o ONE 10 GWe SPS PER YEAR

o 14 YEAR PROGRAM DURATION

o KSC'LAUNCH SITE W/FLYBACK BOOSTER

o ALL PROPELLANTS DERIVED FROM COAL, AIR, AND WATER

o 500 MISSION LIFE OF LAUNCH VEHICLES

o 50 MISSION LIFE OF SPACE-BASED VEHICLES

o SPS ORBIT TRANSFER SYSTEM (ION PROPULSION) NOT RECOVERED,

NOT REDUCED BY SPS UTILIZATION FOR RCS & STATIONKEEPING

f



.... FIGURE F-5

b-A

_,__A LyndonB. Johnson Space Center

SPSSYSTEMSDEFINITIONSTATUSREPORT

DDTE COST $ X 106

POWERCONVERSION,TRANSMISSION,RECEPTION

TECHNOLOGYVERIFICATION

TRANSPORTATION

HLLV

COIV
OTV
PLV

CONSTRUCTIONBASE

SPS HARDWAREFACILITIES

LAUNCHFACILITIES.

3,344

2,926

11,100

1,700
1,500
1,900

6,939

10,366

2,800

42,575

1/25/78

I
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AIASA
Lyndon B.Johnson Space Cenler

SPSSYSTEMSDEFINITIONSTATUSREPORT

COST/SPS$X 106

SATELLITE

o POWERCOLLECTION

- STRUCTURE 360
- ROTARYJOINT 17.856
- ATTI1UDECONTROL 152.9
- INSTRUMENTATION/COMM. 124.4
- SOLARCELLBLANKETS 3,749
- POffERDISTRIBUTION 115

0 POWERTRANSMISSION(TOTALOF 2 REQUIRED)

- STRUCTURE G4.5
- ATTITUDECONTROL 201.7
- IfiSTRUMENTATION/COMM. 666.3
- KLYSTRONS 524,1
- TtlERMALCONTROL 274
- WAVEGUIDES 258,4
- POWERDISTRIBUTION 632,5

TOTAL 7,140,656

J

NOTE:COSTOF FIRSTSPS $12,829

i 1/25/78



NASA
Lyndon B. Johnson Space Center

FIGURE F-7

I

SPSSYSTEMSDEFINITIONSTATUSREPORT

GROUNDSYSTEM

o RECTENNA

COSTISPS$ X 106

- DIPOLES

- POWERCOLLECTIONArID
CONDITIONING 580

- STRUCTURE,FENCINGAND ASSEMBLY 1,788

- LANDAND SITEPREPARATION 504

TOTAL . . . . . 4,446

1,574

i125/78

(
I



Lyndon B. Johnson Space Cenler

FIGURI_ '_"- 8

!

SPSSYSTEMSDEFINITIONSTATUSREPORT

SPACEFABRICATIONANDASSEMBLY,$ X 106

CONSTRUCTIONFACILITY/LEO

FACILITY

CONSTRUCTIOI'.IEOUIPMENT
SUPPLYAND REFURBIS_IENT

CONSTRUCTIONFACILITY/GEO

FACILITY

CONSTRUCTION EOUIPMENT
SUPPLYAND REFURBISHMENT

SUBTOTAL

TRANSPORTATION

TOTAL

INITIAL
BASE COST

4,115

I,445
1.56

3,990

1,980
191

ii,877

1,925

13,802

[1125t78

COST/SPS
I/YR FOR30 YRS

165
169
156

159

247
191

1,087

129

1,215
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APPENDIX G

Tasks 5.3 and 5.4 supplementary data, identifying details of LRU element cost

development required tO support economic analysis activity reported in Section 5

of Volume II.

Gol

Go2

G. 3

G°4

G. 5

G. 6

G°7

Appendix G consists of 7 sections:

Propellant Depots - Pages G-1 through C,--13

Habitats - Pages G-14 through C--32

Transportation - Pages G- 33 through G--59

Earth Based Facilities - Pages C--60 through C--62
I

LRU Manufacturing Facilities and Equipment - Pages G--63 through G--93

Power Stations - Pages G--94 through G-96

Supplementary Facility Sizing and Costing Data -

Pages G-97 through G-106

G
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G. 1 PROPELLANT DEPOTS

G. I.I Cost estimates for the depots will be based on the following study:

Orbital Propellant Handling and Storage Systems for Large Space Programs,

GDC Report CAbq)-ASP-78-001, Vol If, 14 April 1978. (JSC-13967), pp 9-1

through 9-43.

Estimates were provided in the Orbital Propellant Handling (OPH) study for two dif-

ferent sizes of propellant depot facilities:5 million Ibs and 40 million Ibs capacity

(Reference Section G. 7, Table G-4_ and for 2 different sizes of tanks: 1 million Ib

and 2 million Ib (Reference Section G. 7, Table G-43 ). The tanks in the OPH study

were bipropellant, with provisions for LH 2 and LO 2. In the Lunar Resources Study

the storage tanks will be either all LO 2 , LH 2 or aluminum. Costs for this difference

will be adjusted accordingly. Data is shown in the following table.

descriptions are contained in Section 4.5.1 of Volume If,

Table G-1. Orbital Propellant Handling Study Data.

Element/Size

Propellant Depot Platform

5 rail. lb, capacity (2268 metric tons)

40 miI. lb, capacity (18141 metric tons)

Tank Modules

1 rail. lb. capacity (453.5 metric tons)

2 rail. lb• capacity (907 metric tons)

Cost ('Millions of 7751

R&D

85.77

135•41

125.38

225.81

Depot configuration

First Unit

21.12

40. 77

6.22

i0.23

Reference

Table G-42

_ITable G-42

Table G-43

Table G-43

Tankcap_citfes i-n Tabie G--1 aregiven in terms of the combined LH2/LO2 DrQuellant

weights at a 6:1 mixture ratio• The weights of the individual propellant capacities

Wer_ C-alCUlated-_s follows: ..........................

..................... 552(s/ )

- 1 million Ib tank .8S7

LH2(1/7).

• 143

2.861,7142 million lb tank

The above Capacities can be ti:ansformed into single propellant capacities using
P2

density ratios according to W 2 = Wl_ 1. The following densities were used to determine

G-1



the single propellant capacities sho_min Table C--2: (1) LH2 - 4.4 lb/ft 3, (2) IX)2
-71.2 lb/ft 3 (3) powdered aluInintnn - 86.4 lb/ft 3.

Table G-2. OPH Tank Module-Single Propellant Capacities

Equivalent Single Propellant Size (Metric Tons).

OPH Size LH 2 IX) 2 A

1 Million lb i438. 095 88. 889 1745.125

2 Million lb 2876.190 177.778 3490.250

The data in Tables G-1 andG-2 was used to derive the scaling relationships in the following

sections.

G. 1.2 Propellant Depot Platform Scaling Relationships

Assume costs vary with propellant depot capacity on a nonlinear basis according to
b

y= ap

A. First Unit Cost: B. Development Cost:

b = log 40.77-1og21.12 - .316 b =
log 18141 - log 2268

log 135.41 - log 85.77
= . 220

log 18141 - log 2268

40.77 135.41
a = = 1.839 a = = 15.658

18141.316 2218141"

.316
TFU Cost = 1. 839p (Mfl of 775) Cost = 15.658p" 220 (Mil of 775)

where p = propellant capacity of structure in metric tons

CERs are plotted in Figure G-1.
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G.1.3 Tank Module Scalin_ Relations

Assume costs vary exponentially with tank size, measured in tons of propellant,
b

according to: y = aT

where T = propellant capacity of each tank (tons)

a = constant

b = slope coefficient

Using the costs in Table G--1 and capacities in Table G--2 the following tank scaling

relations were found:

Development First Unit

LH2tank 2.777T "849 .248T "718

LO2tank .261T "849 .034T -718

Aluminum tank .222T "849 .029T "718

The above relationships are plotted in Figure G-2,

v
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G. 1.4 Learning Curves

The OPH Study used a 90% learning for propellant tanks and no learning for the pro-

pellant depot (because of fabricating only 1-2 units).

V

For the Lunar Resources Study use 90% for both tanks and depot. The equation can be

expressed as follows:

848
Total Production Cost = ax"

a = lst unit cost ( from Sections G.I. 2 and G. 1.3 )

x = quantity to be produced

G. 1.5 Propellant Depot Sizing

Propellant capacity requirements for each propellant depot were determined by

analyzing the usage of the depot in each scenario. An absolute minimum storage capacity,

with no contingency, was first identified and then a minimum capacity, with contingency

was recommended. Abs01ute mihi_n_um _ capacities are showh in Section G, 7, Tables

G-44, G-45 and G-46. Rec0mmended capacities are shown in Table 4--31 on page 4-105

of Volume II.

Minimum propellant capacity was found by identifying the vehicles which will use _ach

depot and determinihg how much propellant would be required to tank these vehicles for

one ti'Ip. In order to allow for any contingencies the depot should be sized slightly ....

larger. Arbitrary 1-6 ]month propellant supplies were selected as the basis for recom-

mended minimum capacities, depending on depot location.

V

t.j
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Standardizeddepot platform and tank sizes were selected to avoid the excessive costs

of multiple development and to improve unit costs through learning. Two platform

sizes were chosen: 1000 metric ton capacity and 5000 metric ton capacity. It was

assumed that these platforms could be ganged together as required to meet propellant

capacity requirements, __Two s_,andaz;d "ta__ s sizes were chosen: 26b tons'for LO 2 and

_,hunintun and_100_ns for.,LH2._--"These tank modules s,re installed on the piatf0rzns to

attaffi the required c-s:pacity. The required quantifies of platform§ and tanks are shown

in Table G-3.

G. 1.6 Cost Estimates

A. Assumptions/Ground Rules

1. All costs are in constant 1977 dollars.

2. Development of the two depot platforms is considered similar. Development

cost of the second platform is assu_ed to be 40% of the cost had it been a

single development.

o Costs of standard size units are as follows:

Tanks:

200 ton LO 2

100 ton LH 2
200--tSHA

Propellant Depot Platform:

1st development - 5000 _foh- capacity .......

2rid development-:-i000 ton capablty _

(References Figures G-I andG-2 ):

R&D TFU

23.454 1. 526

138. 540 6.768

i9. 949 i. 3O2

- 101. 979 27.130

28.628 16.315

Bo LRU Option B

1. Propellant Depot

a. R&D Costs

S000 ton

1000 ton

Total R&D

Platform

101. 979

28.628

$130.607 million
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00

Depot

Location

Table G-3. Propellant Depot Requirements.

Recommended Min. Capacity No. of tanks

(metric tons) required

No. of Platforms Req'd

1000 Ton 5000 Ton

Option B

LEO

GEO

LLO

SMF

I_£)2 LH 2 A LO 2 LH 2 A

3158 688 - 16 7 - - 1

82 12 - 1 1 - 1 -

56 8 - 1 1 - 1 -

9939 480 - 50 5 - 1 2

Option C

LEO

GEO

LLO

Moon

4588 5101 - 23 51 - - 2

454 65 - 3 1 - 1 -

6728 2396 - 34 24 - - 2

7178 - - 36 - - See Note (2)

Option D

LEO

GEO

LLO

Moon

3254 486 - 17 5 - - 1

454 65 - 3 1 - 1 -

6117 133 - 31 2 - 2 1

12927 - 5135 65 - 26 See Note (2)

Notes:
(1) Standard tank sizes: IX:)2 200 Tons; LH 2 100 Tons; A 200 tons

(2) No platform is required. These tanks are used with the LO 2 liquefaction facility on the lunar
surface and to store the aluminum propellant manufactured on the moon.
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Bo LRU Option B (cont)

•

e

Propellant Depot Platform (cont)

b. Production

(I) 5000

Cost

(2) I000

Cost

ton (3 required)

= 27. 130 (3) • 848

= $68. 873 million

ton (3 required)

= 16. 315 (3)" 848

= $4t. 418 million

Total Platform production

Propellant Tanks
D

a. R&D Costs

LO 2 tanks 23.454

LH 2 tanks 138. 540

.

b. Production

(1) LO 2 tanks (68 required)

Cost = 1. 526 (68)" 848

= $54.641 million

(2) LH 2 tanks (14 required)
.848

Cost = 6.768 (14)

= $63.442

Total Tank Production

Total Propellant Depot Cost - Option B

R&D 130.607 + 161. 994 =

Production ii0. 291 + 11.8.083. =

$110.291 million

$161.994 million

$118. 083 million

292. 601

228.374

$520.975 million
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Co LRU Option C

1. Propellant Depot Platform

a. R&D Costs

5000 ton

1000 " ton

.

b, Production

(1) 5000

Cost

(2)

ton (4 required)

= 27.130 (4)" 848

= $87.902 million

1000 ton (1 required)

848
Cost = 16.315 (1)"

= $16. 315 million

Total Platform Production

Propellant Tanks

a. R&D Costs

LO 2 Tanks

LH 2 Tanks

23.454

138. 540

b. Production

(1)

(2)

101.979

28.628

$130.607milHon

104. 217

$161.994million

LO 2 Tanks (96 required)

Cost = 1.526 (96)"848

= $73.202 million (Avg Cost $. 763 million)

LH 2 Tanks (76 required)
848

Cost = 6.768 (76)"

=$266.312mi1Hon

Total Tank Production $339.514
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3. Total Propellant Depot Cost - Option C

R&D 130.607 + 161. 994 =

Production 104.217 + 339. 514 =

292.601

443. 731

$736.332 million

All.cation between lunar and space based depots:

Lunar Based - 36 tanks (production only) @. 763 = $ 27. 468 million

(no charge for R &D)

Space Based - Balance $708. 864 million

LRU Option D

1. Propellant Depot Platform

a. R&D Costs

5000 ton

1000 ton

.

be Production

(1) 5000 metric ton (2 required)

Cost = 27.130 (2)" 848

= $48. 834 million

(2) 1000 metric ton (3 required)

Cost = 16. 315 (3)" 848

= $41.418 million

Total Platform Production

Propell ant Tanks

a. R&D Costs

LO 2 tanks

LH 2 tanks

A

$ 23. 454

138.540

19. 949

101.979

28.628

$130.607million

$ 90.252mil_on

$181. 943 million
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LRU Option D (cont)

2. Propellant Tanks (cont)

b. Production

(1) I.O 2 Tanks (116 required)

Cost = 1. 526 (116)" 848

= $85. 944 million (avg Cost $. 741 million)

(2) LH 2 Tanks (8 required)

Cost = 6.768 (8)" 848

= $39.471 million (avg cost $4.934 million)

(3) A Tanks (26 required)

Cost = 1. 302 (26)" 848

= $20.630 million (avg. Cost $. 793 millioni

Total Tank Production $146.045 million

. Total Propellant Depot Cost - Option D

R&D 130.607 + 181. 943

Production 90. 252 + 146.045

= $312.550

= 236.297

$548. 847 million

A11ocation between lunar and space based depots:

Lunar Based (tanks only; no R&D charge)

LO 2 - 65 req'd @ .741 = 48. 165

Aluminium - 26 req'd @ .793 = 20.618

Space Based (balance of $548. 847) $480. 064 million

$ 68. 783 million
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Eo Propellant Depot Operations Costs

Annual Operating Costs of the depot consist of spares, maintenance

and operating labor. On-site maintenance and operating labor are

covered in "Construction Maintenance Crew" costs. An annual

allowance for maintenance of 3% of production will be made to cover

earth based support of maintenance operations. For spares a l_eper year

allowance will be made.

Option B

Production:

Operations:

Option C

Lunar based production: $27.468 (Ref. Table C--4)

$520.975 (Ref Table G-4)

4% (520.975) = $20,839 million/year

4% (27.468) = $1. 099 million/year

$708. 864

4% (708. 864) = $28. 385 million/year

$68. 783 (Ref Table C--4)

4% (68.783) = $2.751 million/year

$480.064 (Ref. Table G-4)

4% (480.064) = $19. 203 million/year

Lunar based operations:

Space based production:

Space based operations:

Option D

Lunar based production:

Lunar based operations:

Space based production:

Space based operations:

LRU

CONCEPT

Table G-4.

R&D

Sun_nary Cost Table - Propellant Depot.

(Millions of 77 $)

PRODUCTION

LUNAR SPACE

TO TA L BASED BASED

B

C

D

292.601

292.601

312. 550

228.374 520.975 -

443.731 736.332 27.468

236.297 548.847 68.783

520.975

708. 864

480.064
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G. 2 HABITATS

This category encompasses a much wider range of elements than the pro-

pellant depot of the previous section. Habitat includes any living quarters,

shelters, or space stations on the lunar surface or in any of the orbits

being considered. The four groups of habitats were previously defined and

discussed in Section 4.5.2. Costs or cost scaling relationships will be

derived in this section for each of the habitat elements.

k.S

G. 2.1 LEO Modular Space Station

The basis for space station cost estimates will be: Modular Space Station,

Phase B Extension, Program Cost and Schedules, Report SD71-226-1 and

-2 , North American Rockwell, January 1972. The space station in the

referenced report consists of 6 replaceable station modules, 2 core modules,

1 power module, 1 cargo module and 3 RAM modules. We will eliminate

the RAM from consideration. Figure 4-21 shows the basic configuration.

Weights and costs for the 12 man station are shown in Tables G-47 and G-48

of Section G. 7. Costs were adjusted to account for inflation and to account

for the addition of aluminum shielding on one of the modules to provide solar

flare protection.

Scaling relationships were derived under the following assumptions:

(1) Cost varies logarithn_cally with totalspace stationdry weight

according to:

y -- aW b.

(2) The exponent b has a value of. 5 for development and. 67 for first

unit cost.
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The following equations were derived:

(2) First Unit Cost

(2)

C = 594. 8

Development Cost

.67

(Millions of 77 dollars)

C 2301.6 t W-_-Si "5
= (Millions of 77 dollars)

where: W S = Dry Weight of Rockwell Space Station

(Ref Table G-47 of Section G. 7 )

W = Dry Weight of LEO Modular Space Station in LRU

Study

In this study it is desirable to have cost expressed as a function of crew

size. This enables estimates to be directly made for the space station

once crew size is known. Table G-47 in Section G. 7 provides a weight to

man ratio of 8.3 m tons/man (with shielding). W then, in the previous

equations, can be expressed as: W = 8.3 M, where M = space station crew

size. Substituting this expression and W S = 99.4 m tons into the weight scaling

relations we obtain:

(1) First Unit Cost __8.3M 1 .67
-- 594s [9- -4j

67
= 112.7 M" _Itllions 77 dollars)

(2) Development Cost = 2301"6 i8"3M_"599.4

665.1 M" 5 (Millions 77 dollars)

The relationships are plotted in Figure G-3.
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G. 2.2 GEO Modular Space Star ion

The GEO Modular Space Station is the same as the LEO Modular Space

Station except for the addition of a Solar Flare Shelter. Shelter character-

istics were previously defined in Table 4-36. The approach to cost

determination will be to use the relations for the LEO station and add an

allowance for the Solar Flare Shelter.

The Solar Flare Shelter consists of a structure and subsystems similar

to the other modules except it is spherical. The structure is shielded with

some form of bulk lunar material to provide crew protection during periods

of high radiation. The basic shelter cost can be scaled from one of the

station modules. The cost of designing a means to install the lunar shield-

ing and the cost of installing it is more difficult because the concept has not

yet been defined. It will be inexpensive compared to shielding installed on

Earth due to the lack of processing required for the material. The primary

costs will he development and transportation from the moon to GEO. The

following costs will be assumed-

Development. $10/lb of lunar shielding

•Production- $1/lb of lunar shielding

For the basic shelter cost assume the structure and _ubsystems are similar

to Station Module 1 shown in Table G-47and G-48 of Section G. 7. The

scaling relationships derived are:

(I) First Unit Cost = 54.0 I_--S-----_FI

(2) Development Cost = 353.5 [-_---SF t

.67

.5O

(Millions of 775)

(Millions of 775)
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where W = Wt. of Station Module 1 in Table G-47= 8.55 m tons.

WSF = Wt. of Solar Flare Shelter without lunar shielding

Using the data from Table 4-36 and the above relationships, shelter costs

were estimated as a function of crew size. This data is shown in Table G-5.

Table G-5. Solar Flare Shelter Costs.

(Millions of 1977 Dollars)

v

Crew D, F,

Size Development First Unit

12 166.4 19.2

24 222.4 28.1

50 293.2 40.5

100 358.2 52.5

200 441.0 68.5

400 625.8 108.6

800 889.1 172.2

1600 1264.7 273.4

3200 1801.8 434.2

Total cost for the GEO modular space station can be determined by the

scaling relationships in Section G. 2.1 combined with the Solar Flare

Shelter cost in Table G-5. The basic space station relationships, from

Section G. 2.1 , adjusted to remove the aluminum shielding for LEO are:

(1) First Unit Cost = 111.1M" 67

(2) Development Cost = 647.0M" 5

Total cost can be expressed as:

67
(1) First Unit Cost = 111.1M" + F (Millions of 77 dollars)

(2) Development Cost 647.0M" 5= + D (Millions of 77 dollars)

where M

F

D

= GEO Space Station Crew Size

= First Unit Cost of Shelter (Ref. Table G- S)

= Development Cost of Shelter (Ref Table G-

V
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The equations are shown in Figure G-4.

G. 2.3 Temporary Shelter

The temporary shelter was defined in Figure 4-24. It consists of two space

station crew accommodation modules and a short core module from the

modular space station with no radiation shielding. The shelter will accom-

modate 6 persons. For costing purposes asstune the two major modules

are identical to Rockwell Space Station Modules #1 and #2 and the short core

is identical to the Growth Core Module.

From Tables G-47 and G-48 of Section G. 3 the following data was derived:

Development Cost = $751.3 Million

First Unit Cost = $124.8 Million

Total Weigh-t " .... = 45843 lbs (20.79 m tons)

Costs were adjusted to 1977 dollars and programmadc costs

were allocated by weight. Using a weight to man ratio of 3.47 m tons/man,

the following scaling relations were obtained:

(1) Development Cost _. 47M]" 5
= 751.3 L20.79J

= 306.9 M "5

(2) First Unit Cost
_. 47M

: 124.s

= 37.6 M "67

_]. 67

These cost scaling relationships are depicted in Figure G-5.
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G. 2.4 Lunar Base Habitat (Small Crew)

The basis for the cost estimates of the lunar base habitats will be the Lunar

Base Synthesis Study_ Final Report, Vol IV, North American Rockwell,

15 May 1971. In the synthesis study, 13 modules were used for the base.

We will use only 8 of these modules as shown in Figure 4-25. The

Rockwell cost data is shown in Table C-49 of Section G.7 and size data is

presented in Table C--7.

The cost data was adjusted to account for the deletion of the five modules and

is shown in Table G-5. Items other than module hardware were scaled down using

a weight ratio. Adjustments were made for inflation using the GNP Price De-

flator. The adjusted data is shown in Table G-6.

Table C,-6. 12 Man Lunar Base Costs.

Cost Element

R & D Production

Millions Millions Millions Millions

of 1970 of 1977 of 1970 of 1977

Dollars Dollars Dollars Dollars

Modules- Hardware

1) Crew & Medical 63.1 97.616 14.8 22. 896

2) Crew & Operations 48.5 75. 030 25.6 39.603

3) Sortie & Transient 25.0 38.675 17.1 26.454

4) Lab & B/U 40.3 62.344 -23.7 36.664

5) Assy & Recreation 23.0 35.581 11.0 17.017

6) Base Maintenance 13.1 20. 266 7.1 10.984

7) Drive-in Garage 9.6 • 14. 851 4.3 6.652

8) Drive-in Warehouse 8.0 12.376 4.6 7.116

GSE 30.793 47. 637 2. 145 3.318

Systems Test Hardware 107.546 166.374 -- --

Launch Operations Support -- -- 10.647 16. 471

Facilities 32. 325 50. 007 -- --

Logistics & Training Equip. 9. 192 14. 220 4. 060 6.281

System Engr'g Support 24.665 38.157 3.447 5.333

Project Mgmt 24.665 38.157 3.83 5.925

Total 711. 291 204.714
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i
Notes.

(1) All cost elements, except for module hardware, were scaled

down by weight to account for ]nodules excluded from this

study:

(2)

Cost = (Rockwell Moon Base Cost) X

[RImnar Resources Hardware Weight l
ockwell Hardware Weight ]

= (Rockwell Moon Base Cost) . 766

Costs adjusted to 1977 dollars using GNP Price Index

(1970 = 91.36; 1977 = 141.3)

_r

Table G-7. Size Data for Lunar Base Habitat.

Mod Crew Gross Dry

# Module Size Wt (lbs)

1 Crew & Medical 4 8291

2 Crew & Operations 4 9292

3 Sortie & Transient 4 8818

4 Lab & B/U Command - 8640

S Assy & Recreation - 7574

6 Base Maintenance - 6297

7 Drive in Garage - 4807

8 Drive in Warehouse - 5024

Total 12 58,743

(26.64 tons)

Note s:

a)

(2)

(3)

Data based on Lunar Based Synthesis Study, Rockwell

Weight of five habitats deleted from the Rockwell Scenario

is 17,914 pounds

26.64
Habitat weight to man ratio - 1----'_ - 2.22 metric tons/man
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Scaling relationships can be derived from the cost data in Table G-6using

the assumptions that: {1) cost is a logarithmic function of weight according to:

y = aW b, and that (2) the exponent b is. 5 for development and. 67 for first

unit cost. These exponent values are representative of a system which is

basically structure and are typical of those used throughout the industry.

(1) For development the scaling relation is:

where: W = Weight of the lunar base under consideration (lbs)

Wlb = Weight of lunar base whose costs are shown in

Table G--6.

= 26.64 metric tons

(2) First unit cost can be expressed as:

Cost = 204.714

where: W and Wlb are the same as above

V

Using the above scaling relationships, costs for any size lunar base can be

estimated. For the purposes of this study it is desirable to express these

relations in terms of crew size. From Table G--7 we find that the lunar

base weight to crew size ratio is 2, 22 metric tons per man. Lunar base

habitat weight then may be expressed as 2.22M, where M = crew size of the

habitat, The scaling relationships can now be expressed as follows:

(1) Development Cost
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C I2.22:M ] "5
-- 711.291 J

.5
= 205.332 M

(2) First Unit Cost

F ]c -- 204.714
67

= 38. 734 M"

.67

The above relations are plotted in Figure G--6.

G. 2. S Large Lunar Base (Shuttle Tanks)

This 1200 person base is described in Figures 4-26 and 4-27 . The base

consists of the LH 2 tank portions of expended Shuttle external tanks. The

cost of the tanks themselves is negligible since they are normally expended.

The primary costs axe in the furnishings and equipment and their installation,

in the tank modifications required and transportation. Cost/lb for the Shuttle

tank derived base are not unlike those for the small lunar base. For the small

lunar base most of the assembly and installation tasks were performed on Earth.

Modules were then transported to the moon. In the case of the large lunar

base the assembly will probably take place in LEO and the completed tank

module will then be transported to the lunar surface.

It will be assumed that the cost scaling relationships derived for the small

lunar base hold also for the large lunar base. For the large lunar base the

dry weight may be expressed as: W ffi 2.55 M, where M = number of people

habitat will support. This excludes the weight of the external tank hardware

since this is essentially a no charge item. Combining this with the scaling
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relations in Section G, 2, 4 the following relationships were obtained for

the Large Lunar Base: These relationships are plotted in Figure G-7.

(1)
F2.55M .5

Development Co'st = 711.291 L-_'._

5
= 220.1 M" (Millions of 77 dollars)

(2) First Unit Cost 2.55 M1 "67

42.5 M" 67 (Millions of 77 dollars)

mi :

G. 2.6 Space Manufacturing FacilityHabitat

The Space Manufacturing Facility (SMF) is shown in Figures 4-29 and

4-30. Like the large lunar base, ET hydrogen tanks are utilizedas the basic

habitats. Since the tanks are normally an expended item they are essentially

a free item. The major costs are in equipping the tanks with their subsystems,

flooring_ partitions, etco, in LEO, transferring them to GEO and assembling

them into a single installation. There is also a requirement for shielding the

SMF using lunar material. Initiallythiswould be some type of "sandbag"

configuration. As the facilitybegan manufacturing, the raw lunar material in

the sandbags could be converted to a more permanent material, such as bricks,

which are more securely attached. Cost of the shielding is difficultto define

without a better definitionof the configuration. Major costs of the shield

include: Mining and installationlabor, operation of the transportation elements

which transfer the lunar soil to orbit, special equipment to process the soilinto

bricks or other permanent configuration.
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Except for size, the SMF is similar to the LEO Modular Space Station

described in Section G. 2.1 . The cost scaling relationships developed

in that section are assumed to hold also for the SMF (excluding shielding).

Weight of the external tanks will be excluded from the scaling relations since

they are no charge items. Since the scaling relation is for a low earth orbit

station, an allowance could be made for transporting all SMF material from

LEO to GEO. This transportation cost would include the cost of operating

the COTV: propellants, maintenance and spares. These costs are probably

a couple of orders of magnitude lower than the cost of the SMF and will have

no significanteffecton totalcost. The transportation cost then is assumed

negligible.

The Modular Space Station relationships in Section G. 2. I included shield-

ing. For the SMF the shielding will be considered separately and the re-

lations can be expressed as follows:

(I) First Unit Cost

(2) Development Cost

where: W S = Modular Space Station Weight without radiation

shielding

= 74.8 metric tons (ref Table G-47

W = 2.94 M (ref. Table 4-32 )

M = SMF crew size

Substituting values, the above relationships become:
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(1) First Unit Cost = 67.4 M" 67

(2) Development Cost = 445.6 M" 5

The basis for the shielding cost of the SMF is the work done in the 1977

Ames Space Settlement Summer Studyfn "Habitat Design- An Update," by

Bock, Lambrou and Simon, 1977. In that study total manufacturing cost was

$. 21 per kg. Assume development costs are ten times that, or $2.10/kg.

Shielding weight for a 1500 man facility is 85,500 tons or 57 metric tons per

person. Shielding costs can be expressed as follows:

(1) Development Cost = 57 tons/person × $2100/ton

= $. 120 million/person

= . 120M (millions of 77 dollars)

(2) First Unit Cost = 57 tons/person × $210/ton

= $. 012 million/person

= . 012M (millions of 77 dollars)

where M = Number of people in SMF crew

Total SMF costs are the

ing:

(2)

combined total of the SMF and the required shield-

Development Cost = 445.6 M" 5

67
First Unit Cost = 67.4 M"

+. 120 M

+ .012 M

These relationships are plotted in Figure G-8.
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G. 2.7 Habitat Operations Cost

Additional recurring costs exist for each of the habitats described previously

which are operational in nature. These are the costs of maintaining the

habitats, The costs can be broken down into two categories: spares and

maintenance. Table 5B--7 in the Appendix provides a means to estimate these

Operations Costs as a function of first unit cost. Using the data from Table

5B-7 the following annual cost percentages were obtained:

Spares - 0.4% of first unit cost/year

Maintenance - 5.4% of first unit cost/year

The above percentages apply to each habitat discussed in the previous sections.

First unit costs of the GEO Modular Space Station and Space Manufacturing

Facility should be adjusted to delete the cost of lunar material shielding since

lunar shielding :maintenance requirements are probably insignificant.
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G. 3 TRANSPORTATION

Transportation elements include all personnel and cargo carrying vehicles in the

LRU options. There are 15 different types of vehicles. These were previously

defined and discussed in Section 4.6.2. This section contains the costs of each of

these elements.

G. 3.1 Heavy Lift Launch Vehicle

This is the SPS baseline configuration and is defined in Figure 4-36.

is contained in Note 1 of Table 5-4, which is included in Appendix F.

Cost methodology

G_ 3.2 Personnel Launch Vehicle

This is the SPS baseline configuration and is defined in Figure 4-37. Cost method-

ology is contained in Note 2 of Table 5-4, which is included in Appendix F.

G. 3.3 Personnel Orbital Transfer Vehicle

This is the SPS baseline configuration and is defined in Figure 4-38. Cost method-

ology is contained in Note 3 of Table 5-4 (Appendix F). Costs include provisions for the

passenger and crew modules.

G. 3.4 Cargo Orbital Transfer Vehicle

This is the SPS baseline configuration and is defined in Figure 4-39. This is a non-

reusable vehicle. Costs are shown in Note 4 of Table 5-4 (Appendix F).

G. 3.5 Passenger and Crew Modules

These modules are defined in Figure 4-40. They are identical to the ones included

in the POTV costs for the earth baseline. Module costs are split out here for use with

LRU transportation elements. References used were:

(1) Solar Power Satellite Concept Evaluation, Activities Report July 1976 to

June 1977, Vol. l'I, JSC-12973, July 1977.
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(2) Initial Technical_ Environmental and Economic Evaluation of Space Solar

Power Concepts_ Vol• H, JSC-11568, Aug 1976.

Table G-8 shows the costs provided by the referenced documents. Even though costs

in Ref. (1) were based on weight statements in Ref. (2) an increase is noted. It is

assumed that in Ref. (1) a more detailed cost analysis was performed and that it

provides more credible cost numbers. These estimates will be used for the LRU

concepts.

Table G-8. Passenger and Crew Module Costs.

Passenger Module

Source TFU

Ref (1) 13

Ref (2) 6

Development

287

120

Crew Module

Development

524

365

TFU

24

34

Remarks

mils 77 $

mils 76 $

Operating costs for the modules includes the cost of spares and maintenance. Assume

these two items are 1 percent/year and 3 percent/year of first unit cost. Costs were

computes as follows:

7.

Passenger Module

Spares:

Maintenance:

Crew Module

Spares:

Maintenance:

• 01 (13) = $. 13 million/year/module

• 03 (13) = $. 39 million/year/module

.01 (24) = $. 24 million/year/module

• 03 (24) = $. 72 million/year/module

G. 3.6 Shuttle Derived Vehicle (SDV)

The SDV is described in Figure 4-42. Cost and definition of the SDV booster is shown

in Appendix E. Adjusting costs in the Appendix for inflation and to include the main

engines the following is obtained: • /
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Booster Development Cost = $5311.50 (millions of 1977 dollars)

Booster First Unit Cost = $364.72 (millions of 1977 dollars)

o

Costs for the cargo pod were obtained from Future Space Transportation Systems

Analysis Study, BAC Report D180-20242-3, VoI. 3, Dec 1976, Tables 2. 2-1 and

2. 3-4. Development cost, including modifications to the external tanks, and first

unit cost, including the modified tank are:

Cargo Pod Development Cost = $1520.64 (millions of 1977 dollars)

Cargo Pod First Unit Cost = $121.44 (millions of 1977 dollars)

The First Unit Cost includes both expendable and reusable hardware. The expendable

hardware portion (external tank and shroud) is $18 million.

r J
V

Production cost of the flight hardware can be determined using a 90 percent learning

curve for the number of units built plus a 30 percent allowance for production program

level costs. Program level costs include such items as program management and sus-

taining engineering. The following relation can be used:

848
Production Cost = 1.3 (First Unit Cost) N"

where N = Number of units produced

SDV operations costs consist of propellants, refurbiskment of reusable hardware and

maintenance. Propellant rates are based on: Solar Power Satellite Concept Evaluation,

Activities Report July 1976 to June 1977, Vol. H, NASA/JSC, Figures VI-E-5, 6 & 9.

It was assumed that the government borrows money at a 9 percent interest rate to

finance the propellant production facilities and the coal price is $17/ton. The same

reference shows LO 2 losses at 56% and LH 2 losses were assumed to be 10%. Table

C,-9 provides the cost per flight of propellants.

The remaining operations costs were estimated using the operations cost per flight of

the SDV described in Shuttle Derivative Vehicles Study, Vol. T, BAC Report.
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Table G-9. SDV Propellant Costs.

Propellant Breakdown

Mixture Total Propellant (millions lbs)

Element Ratio (millions lbs) LO2 LH2 C3H8

Booster 2.68:1 6. 466 4. 709 1. 757

Cargo Pod 6:1 .286 .245 .041

Losses 2. 774 .003 .176

Total per flight 7. 728 .044 1. 933

Cost per pound ($) .021 .54 .37

Total Cost per flight .162 .024 .715

(mils 77 $)

D180-228--75-1, Dec. 1977. Operations costs for the SDV are shown in Fibre 4-6

of that report and total $13.605 million per flight. The following adjustments were

made for the LRU SDV: (1) launch facility operations costs were removed ($1. 905

million). These will be included under facility operations, (2) propellant costs were

removed and will be replaced with the costs calculated above ($1,088 million)

(3) an arbitrary 15 percent of the costs was removed for SRB refurbishment and

spares since the LRU version does not contain SRB's ($2. 041 million). Total LRU SDV

cost is: $13.605 - 1. 905 - 1. 088 - 2. 041 ÷. 901 = $9.472 million/fit. This includes

spares and refurbishment of reusable hardware.

V ¸

G. 3, 7 Space Shuttle

The current space shuttle configuration is shown in Figure 4-43. Minor modifications

would be necessary to fit the 75 passenger module into the cargo ban. These costs

are assumed negligible and no development.cost will be used. For the purposes of the

LRU study a charge of $20 million per flight will be made.
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G. 3.8 LRU Personnel Orbital Transfer Vehicle (POTV)

A description of the LRU POTV is provided in Figure 4-44. It is similar to one

stage of the POTV used in the earth baseline, Table X-D-13 of NASA/JSC's

Solar Power Satellite Concept Evaluation gives second stage POTV costs as follows:

Development $328 million (1977 $)

First Unit 20 million (1977 $)

Dry weight of the stage is 11,000 lbs; slightly smaller than the 14,774 lb LRU PCTV.

The LRU POTV costs were determined from scaling relationships similar to those used

previously:

i147741 . 5
Development Cost = 328 _j

First Unit Cost =

= $380 million (1977 $)

-- $24.37 million (1977 $)

For production assume a 90 percent learning curve for hardware and allow 20 percent

of hardware cost to cover program level costs. Total production cost can be expressed

as follows:

Total Production Cost = 1.2 (24.37) N" 848

848
= 29.24 N"

where: N = Number of vehicles produced

There are three primary categories for vehicle operations cost: propellants, spares

and maintenance. Annual costs for spares and maintenance are assumed to be 1
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percent/year and 3 percent/year, respectively, of first unit cost for each vehicle in

the fleet•

Spares.

Maintenance:

• 01 (24.37) = $. 244 million/year/POTV

• 03 (24. _7) = $. 731 million/year/l_3TV

i J
V

Total propellant weight is 59.4 metric tons (130,977 lbs). At a mixture ratio of 6:1

the amounts of fuel and oxidizer required per flight is shown in Table G-10. The LO 2

is manufactured from lunar soil and LH2is supplied from earth. The cost of LO 2 will

be reflected in the LRU facilities development, production and facilities costs• The

cost of LH 2 is based on future earth rates.

LO 2

LH 2

Table G-IO.

Propellant

Weights (Ibs)

112,266

18,711

POTV Propellant Costs (millions 1977 dollars).

Tots/ Flight

Losses (lb) (Ibs)

13472 125,738

3742 22,453

Cost/

Flight

• 012

=

Note s:

Ref:

(1) Prope!lm_t losses were assumed to be 20% for LH 2 and 12% for LO 2.

(2) Propellant cost: LH2: $. 54/lb

SPS Concept Evaluation, JSC-12973 July 1977, pps. X-D-41, VI-E-20 & 21.
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G.3.9 Cargo Orbital Transfer Vehicle

The LRU COTV configuration was defined by Figure 4-45 with variations shown in

Table 4-53 . Since no cost studies have been performed on similar type vehicles,

rough order magnitude costs were determined using cost estimating relationships

(CER's). For estimating purposes the COTV was broken down into structural, ion

propulsion and solar array elements. CER's are shown in Table G-11 and a weight

statement is provided in TableG-12. These tables, together with the data furnished

in Tables 4-52 and 4-53 provide the basis for the cost estimates which follow.

The development and production costs for each COTV and each LRU option are

shown in Tables G-13, G-14 and G-I._ The following notes apply to the tables.

1. Diameter of the ion thruster is the diameter of a circle of equivalent

area to the oval shaped thrusters used.

2. One power processing unit per 70 thrusters was assu_ed.

3. Vehicle First Unit Cost for Ion Thrusters and PPU computed according to:

C = (TFUV)N ltb

where

TFU'

N

l+b

= Element First Unit Cost

= Number of Thrusters or PPU's per vehicle

= Slope exponent of Total Cost Learning Curve

= . 848 for 90_ curve

4. Learning curve for ion propulsion and vehicle production assumed at 90_.

5. Design of all COTV's is common, except for vehicle size and quantities of

elements. Because of the modular design and commonality, development

costs of the second and third COTV's are assumed to be only 30_ of sole

development values.
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Table G-11 Cost Estimating Relationships for COTV

Cost Element

Cost Estimating Relationship

(Millions of 1977 Dollars)

Development Element First Unit Cost Remarks

Structure

.187 W" 667Truss .55 W .004 Note 2

Tankage/Misc 10. 14 W" 187 .007 W" 667 Note 2

Solar Array -- -- Note 1

Ion Thrusters 2.15 D" 32 .016 D" 74 Note 3

Power l_'ocessing Units 12.46 P" 18 .27 P" 46 Note 3

Notes. (1) Basic Development cost for solar array is absorbed by SPS solar array development.

Assume a nominal development charge for the COTV of $50 million. For First Unit

Cost assume $500/kW (Ref. 1, Table X-C-2 and Her. 3, Table 3.8).

(2) W = Structural Weight in lbs. CER's are from Reference 2.

(3) D = Thruster Diameter in cm. P = Power Processor output in kW.

CERWs are from Reference 2.

References. (1) Solar Power Satellite Concept Evaluation, Activities Report,

July 1976 to June 1977. Vol. II, NASA/JSC.

(2) Parametric LCC Analysis Technique for Space Systems,

1978 IRAD Study by General Dynamics, Convair Division,

Report Pending.

(3) Space-Based Solar Power Conversion and Delivery Systems Study, Vol. IV, Report

C-78127, prepared for ECON, Inc. by Arthur D. Little, Inc., March 1977.



Table G-I_ COTVWeight Relationships.

Truss Structure

Tankage

Misc. Structure/ACS

Ion Thruster

Power Processing Unit

Solar Array

22.8 kg/thruster

.08 kg/kg of propellant

14.9 kg/thruster

22.0 kg

19.3 kg/thruster

781.3 kg/thruster

. Program level costs include such items as system test, tooling, program

management, sustaining engineering and assembly and checkout. The

following allowances were made for these costs: (1) Development- 40%

of hardware development costs; (2) First Unit - 10% of hardware first unit

cost and (3) Production- 20% of hardware production cost.

There are three primary cost categories for vehicle operation: propellants, spares

and maintenance/refurbishment. Vehicle life is assumed to be 50 flights. Spares and

maintenance costs are assumed to be 1 percent/yr and 3 percent/yr of first unit cost,

respectively, for each vehicle. These costs are shown in Table O-16. They are based

on the first unit costs shown in Tables G--13, 0-14 and 0-15. Propellant costs are also

shown in Table 0-16. They were computed using the future technology propellant

production methods described in Solar Power Satellite Concept Evaluation, JSC-12973,

July 1977, (9% interest rate assumed). The cost of LO 2 is reflected in the propellant

manufacturing facilities cost since it is manufactured from lunar soil and no charges

are shown for it in Table 0-i6.
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Table G-13. COTV Costs for Option B.

(Millions of 1977 Dollars)

9
d_
bo

Cost Element

COTV 2 (2 req,d)_ Total

Structure

Truss

Tankage

Mist Structure

Solar Array

Ion Thrusters

Power Processing Units

[ Development
349.17

3.19

69.95

54.29

50.00

8.88

63.10

First Unit

Element

.42

17.05

Production

Vehicle Tol_al Average
137.29 296.54 148.27

2.11

6.86

2.78

14.00

43.82

55.24

247.12

Program Level Costs

COTV 3- (2 req'd) - Total

Structure

Truss

Tankage

Misc. Structure

Solar Array

Ion Thrusters

99.76

143.58

1.51

38.78

25.68

15.00

2.66 .42

12.48

1070.03

10.71

6140

14.11

160.00

345.51

49.42

2311.27

1926.06

1155.64

Power Processing Units

Program Level Costs

18.

41.

COTV 4 (3 req'd)- Total 144.

Structure

Truss 1.

Tankage 35.

Misc. Structure 29.

Solar Array 15.

Ion Thrusters 2.66

Power Processing Units 18. 93

Program Level Costs 41.20

Total- All COTV's 636.94

93 17.05

02

19

74

04

62

00

.42

17.05

381.02

97.28

2001.55

17.83

42.74

23.49

345.00

660.21

730.32

181.96

385.21

6097.43

1016.24

8705.24

2032.48

CER

Variables

12066 #

30517 #

788.5 #

.28 × 105 kW

N=240, D= 84cm

N=4, P= 8204kW

137,750 #

815, 850 #

90,021 #
3.2 × 105 kW

N= 2740, D= 84 cm

N=39, P= 8204kW

295,611 #

473987 #

193,184 #
6.9 × 105 kW

N=5880, D= 84cm

N= 84, P= 8204kW

(
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Table G-I_ COTV Costs for Option C.

(Millions of 1977 dollars)

_,r ,=,,,.,,,r,,
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Cost Element

COTV 1 (2 reqtd)- Total

Structure

Truss

Tankage

Misc Structure

Solar Array

Ion Thrusters

Power Processing Units

Program Level Costs

Development

First Unit

Element Vehicle

497.66

48

56

59

00

8O

99

24

409.39

3.67

104.31

62. 46

50. 00

8.88

63.10

116.

.

28.

4.

75.

.42 161.

17.05 178.

97 45.

Production

Total

1074.95

895.79

179,16

I Average

537.48

CER

Variables

W = 25536 lb

W = 258,955 lb

W = 16688 lb

P= 1.3×105kw

N=1120, D= 84cm

N= 16, P= 8204kW

COTV 2 {5 req'd)- Total

Structure

Truss

Tankage

Misc. Structure

Solar Array

Ion Thrusters

Power Processing Units
Program Level Costs .

COTV 3 (3 req'd)- Total

143.16

1,48

38.95

25.24

15.00

2:. 66

18..93
40.90

138.47

.42

1901.

10.

62.

13.

325.

625.

693.
172.

92 8935.12

O8

37 7445.93

28

00

00

29
90 1489.19

89 5617.14

1787.02

1872.38

W = 125,674 lb

W = 835,254 lb

W = 82129 lb

P= 6.5× 105kW

N=5512, D= 84cm

Structure

Truss

Tankage

Misc. Structure 25.

Solar Array 15.

Ion Thrusters 2.

Power Processing Units 18.
Program Level Costs 39.

1.48

35.69

15

00

66

93
56

17.05

1843.

94

64

10 4680.95

00

21

936.19

15,627.21

N=79. P= 8204kW

.42

17.05

.

45.

13.

315.
614.

678.37

167.63

W = 123,120 lb

W = 523,026 lb

W= 80, 4601b

P= 6.3×105kw

N = 5400, D = 84 cm

N=77. P= 8204kW

Total - All COTVs 691.02



Table G-15. COTV Costs for Option D.

(Millions of 1977 Dollars)

9

Cost Element

COTV 1 (2 req'd)- Total

Structure

Truss

Tankage

Mtsc Structure

Solar Array

Ion Thrusters

Power Processing Units

Program Level Costs

COTV 2 (3 req'd)

I Development
409.39

3.67

104. 31

62.46

50.00

8.88

63.10

116.97

142.37

Structure

Truss

Tankage

Misc. Structure

Solar Array

Ion Thrusters

Power Processing Units

Program Level Costs

ll

38.

25.

15.

2.

18.

40.

48

39

23

00

66

93

68

COTV 3 (3 req'd)

Structure

Truss

Tankage

Misc. Structure

Solar Array

Ion Thrusters

Power Processing Units

Program Level Costs

138.47

1.48

35. 69

25.15

15.00

2.66

18.93

39.56

Total- All COTV's 690.23

First Unit

Element

.42

17.05

.42

17.05

.42

17.05

VeMcle

497.66

3.48

28.56

4.59

75.00

161.80

178.99

45.24

1891.62

10.06

59.19

13.26

320' 00

623.85

693.29

171.97

1843.89

9.94

45.64

13.10

315.00

614.21

678.37

167.63

Production

Total [ Average
lb74.95

895.79

179.16

5762.54

4802.12

960.42

5617.14

-4680.9_

936.1_

537.48

1920.85

1872.38

CER

Variables

W= 25,536 lbs

W= 258,955 lbs

W= 16688 lb

P= 1.3×105kW

N=1120, D=84cm

N= 16, P= 8204kW

W = 125,400 lbs.

W-- 772,279 lbs.

W = 81950 lbs.

P= 6.4 x 105 kW

N=5500, D= 84 em

N=79, P= 8204kW

W = 123,120 lbs.

W = 523,026 lbs.

W = 80 460 lbs.

P=6.3× 105kW

N=5400, D= 84cm

N=77, P= 8204kW

12,454.63
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LRU

Option

B

C

D

Vehicle

COTV 2

COTV 3

COTV 4

COTV 1

COTV 2

COTV 3

COTV 1

COTV 2

COTV 3

Table G-16. COTV Operations Cost (millions of 1977 dollars).

Propellant Propellant Cost per Cost per year for each

Weight (lbs)

LO 2 LH 2

418,696 9,155

11,193,463 244,756

6,503,099 142,196

3,552,865 77,687

11,459,685 250,577

7,175,917 156,908

3,552,865 77,687

10,595,670 231,684

7,175,917 156,908

LO 2

See

Note

(2)

Flight

LH 2

.005

•132

.077

• 002

• 135

• O85

.042

.125

.085

Total

, O05

.132

.077

.042

.135

• 085

.002

.125

.085

Spares

1. 373

10.700

20. 016

4.977

19.019

18.439

4.977

18.916

18.439

vehicle

Maintenance

4.373

32.100

60.008

14. 931

57.057

55. 317

14. 931

56.748

55. 317

Note s:
1. Propellant weights based on Table 4.6-6 total propellant. LO 2 is 98% and LH_ 2% of the total.

Losses were assumed to be 20% for LH 2 and 12% for LO_ and are included in _he total weight.

Propellant costs are: LIt 2 - $. 54/!b 2
(Ref. JSC SPS Concept Evaluation, JSC-12973, July 1977).

2. LO 2 costs are reflected in lunar based propellant production facilities costs.



G. 3. 10 Lunar Transfer Vehicle

The LTV configuration is described in Figure 4-46. It consists basically of a

landing structure supporting a LH2/LO 2 tank and two side mounted cargo pods. A

rough order magnitude estimate of this vehicle was made using cost estimating

relationships. A weight statement is shown in Table G-17. Cost estimating

relationships used are shown in Table G-18. Development and First Unit Costs are

shown in Table G-19.

Table G-17. LTV Weight Breakdown.

Element Weight (kg)

LO2/LH 2 Tankage 7255

Cargo Pods 3630

Landing Structure 10000

Engines 4 @ 1070 kg 4280

Subsystems 4835

For production a 90 percent learning curve is assumed for hardware. Program

level costs, which include initialspares, sustaining tooling and engineering and

program management are assumed to be 20 percent of totalhardware costs. Total

production can be expressed as follows:

Production Cost

where N

848
= 1.2 (28.22) N"

848
= 33.864 N" (millions of 77 $)

= Number of vehicles produced

The operations costs of the LTV consists of propellants, spares and maintenance.

Spares and maintenance costs are assumed to be 1 percent/year and 3 percent/year,

respectively, of first unit cost for each LTV.
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Table G-18. LTV Cost Estimating Relationships.

(millions of 1977 dollars)

Cost Element

Structure/Subsystem s

Engines (LO2/LH2)

Development

187
10.14 W"

3.39 T "38

First Unit Cost Remarks

.007 W" 667

NF [. 308 +10.857 x l0 -6 T'904]

Note 1, 2

Note 3

9

Notes:

(1) Subsystems includes hydraulics, pneumatics, propellant feed and electrical whose characteristics are

not defined. Assume CER's for Structure will apply to these subsystems taken as a whole.

(2) W = Weight in pounds of element being considered

(3) T = Vacuum Thrust per engine (lbs)

F = Propulsion complexity factor = 3. 15

N = Number of engines per vehicle

(4) Allow the following for Program Level Costs:

Development - 40% of Hardware Development Cost

First Unit - 10% of Hardware First Unit Cost

Production - 20% of Itardware Production Cost

Ref: (1) Parametric LCC Analysis Teclmlque for Space Systems, 1978 IRAD Study by General Dynamics,

Convair Division, Report Pending.



Table C--19. LTV Cost Summary.

(millions of 1977 dollars)

Cost Element

Structure:

Tankage

Cargo Pods/Landing

Engines (LO2/LH2)

Subsystems

Program Level Costs

Total

Development

61.97

69.73

325.72

57.44

205.94

720.80

Vehicle

First Unit

4.46

6.79

11.00

3.4O

2.57

28.22

CER

Variables

W = 16,000 Ibs

W = 30,050 Ibs

T = 165,000 Ibs,

N=4, F= 3.15

W = 10,660 Ibs

Spares:

Maintenance:

.01 (28.22) = $282 million/year/vehicle

.03 (28.22) = $. 847 million/year/vehicle

Total propellant weight, per Figure 4-46 , is 242.3 metric tons per round trip flight

from the lunar surface to LLO. The LO 2 is manufactured from lunar soil and LH 2 is

supplied from the earth. The cost of LO 2 will be reflected in the LRU facilities develou-

merit, 0roduction and ouerations costs. The cost of LH 2 is based on future earth rates.

Table C--20shows the propellant breakdown and cost per flight for propellants.

V

Table G.-20. LTV Propellant Costs.

Propellant

Wt (lbs) Losses (lb)

LO 2 467488 56099

LH 2 66784 13357

Total/flight Cost/flight,

(lbs) (millions, 1977 $)
523587

80141 .043

Notes: (1) Mixture Ratio 7:1

(2) Propellant losses were assumed to be 20%for LH 2 and 12% for 1.O2.

(3) Propellant Costs: LH2: $.54/Ib. Based on A11geier and McBryar

Propellant Study, SPS Concept Evaluation, JSC-12973, July 1977.
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G, 3, 11 PLTV

The Personnel Lunar Transfer Vehicle (PLTV) configuration is shown in Figure

4-51. With the exception of the cargo pods, the design is similar to the LTV

discussed in Section G. 3.10 . The cost estimating relationships for the LTV,

shown in Table G-18, are also applicable to the PLTV and will be used for the

cost estimate. A weight breakdown is shown in Table C--2], Four 13, 82S lb thrust

engines are assumed. Development and First Unit Costs are presented in Figure

G-22.

Table Cr- 21. PLTV Weight Breakdown.

Weight

Kg lbs

Engines (4) 828 1826

LH 2 Tank 877 1934

LO 2 Tank 526 1160

Other Structures 1_34 4264

Subsystems 935 2062

Table G-22.

Cost Element

Structure

Tankage

Other

Engines (LO2/LH2)

Subsystems

Subk_tal

Program Level Costs

Total

PLTV Costs

Development

45.58

48.40

126.96

42.25

263.19

10S. 28

368.47

Millions of 1977 Dollars).

Vehicle

First Unit

1.49

1.85

4.64

1.14

9.12

.91

10.03

CER

Variables

W = 3094 lbs

W = 4264 lbs

T= 13,8251bs, N=4, F=315

W = 2062 lbs

k.J

Note s: (1) Program Level Costs are 40% of hardware development and 10% of

hardware first unit.
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For production of multiple units a 90 percent learning curve will be assumed.

An allowance of 20 percent of hardware costs will be made to cover program

level costs. Production cost can be expressed as follows:

C = 1.2 (10.03) N "848

• 848
= 12• 04 N (millions of 1977 dollars)

Option B, the only LRU option for which the PLTV is used, requires only 1

vehicle. Assume that one backup is required and that a total of 2 will be produced

for initial production. No replacements will be required over the 30 year program

life due to the low usage rate of the vehicle. Production cost for the two units is:

C = 12.04(2) • 848

= $21.69 (millions of 1977 dollars)

Each PLTV requires a passenger module and crew module. Passenger modules

are costed with the I:OTV. They are merely transferred from one vehicle to the

next with the personnel onboard. It is assumed that the crew modules will be

dedicated to the PLTV and two will be required. Cost of the crew module will be

for production only. Development will be included with the POTV costs. From

Table 0-8 Crew Module First Unit Cost is $24 million. Assuming 90 percent learning

and 20 percent for program level cost, the cost of the two units is:

.848
C = 1.2 (24) (2)

= $51.84 (millions of 1977 dollars)

Total production cost is: $21.67 + 51.84 = $73• 51 million.
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Operations costs for the PLTV consist of propellants, spares andmaintenance.

the same relations as for the LTV the following costs are obtained:

Spares: .01 (34.03) = $ . 34 million/year/vehicle

Maintenance: .03(34. 03) = $1.02 million/year/vehicle

Using

Round trip flight propellant requirements for the PLTV are 41.1 metric tons. The

I_O 2 is manufactured from lunar soil at the SMF and the associated costs are reflected

in facilities development, production and operations costs. The LH 2 is brought up

from earth and future earth rates will apply to its costs. Using the Allgeier and

McBryan Propellant Study, LH 2 cost is $. 54 per lb. Total LH 2 required per round

trip is: 1"/8 (41.1) (2205) = 11329 lbs. Cost per flight for propellants is: . 54 × 11329

= $6118/flight.

G. 3.12 Lunar Derived Rocket (LDR)

The LDR configuration is shown in Figure 4-47. It is similar in design to the Lunar

Transfer Vehicle. Instead of a hydrogen tank it contains two aluminum powder tanks.

The LH2/LO 2 engines are replaced with A/LO 2 engines. Dry weight of the LDR is

180 metric tons. This compares with 30 metric tons for the LTV.

LDR costs will be determined by scaling up the LTV vehicle, excluding the engines.

Engine costs will be estimated separately because of their uniqueness. LDR mass,

excluding engines, is 67.5 metric tons; LTV mass is 25.7 metric tons. Using the

LTV costs in Table G--19 the following LDR costs (excluding engines) are obtained:

Development: C f67.5 I .5
= 720.80L s-5-]
= $1168. 154 (millions of 1977 dollars)
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First Unit: C = 67.5 ] .672s. 22 L2- .7

$53. 893 (millions of 1977 dollars)

Costs for the Aluminum/Oxygen engines will be estimated using the CER's in Table

G-18. Complexity factors of 10 and 4 will be used for development and first untt

costs respectively. Thrust level for each engine is 1290 KN, or 290,000 lbs and

4 are required.

38
Development: C = 10(3.39) (290,000)"

= $4035.626 (millions of 1977 dollars)

First Unit: C = 4(4) -L. 308 + 10.857 × 10-6(290,000)'904j

= $19. 988 (millions of 1977 dollars)

Total costs for the LDR are the sum of the engines and the values scaled from the LTV:

Vehicle Development :

Vehicle First Unit:

$1168. 154 + 4035. 626 = $5203.78

$ 53. 893+ 19. 988=$ 73.881

Using a 90 percent learning curve for production and allowing 20 percent of hardware

costs for program level costs, vehicle production cost can be expressed as follows:

C
848

1.2 (73.881) N"

848
88.657 N" (millions of 1977 dollars)

Like the PLTV in the previous section, each LDR requires a dedicated crew module.

From Section G. 3.11, first unit cost is $24 million and production cost can be ex-

pressed as follows:
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C

848
1.2(24) N"

848
28.8 N" (millions of 1977 dollars)

No development cost will be charged to the PLTV. This will be allocated entirely to

the POTV.

Operations costs consist of propellants, spares and maintenance. Since the LO 2 and

aluminum are manufactured from lunar soil, there costs are included in the develop-

ment, production and operation of the LRU facilities and will not be included as part

of the LDR operations• Spares and maintenance are esfin-ated to be:

Spare s:

Maintenance:

• 01 [73. 881 + 24] = $ .579 million/yr/vehicle

• 03 [73.88i + 24] = $2.936 million/yr/vehicle

G. 3.13 Mass Catcher

The Mass Catcher is unique to LRU Option B. It is a combination of the catcher

described in Figure 4-49 and the Terminal Tug in Figure 4-50. The combined

concept was also discussed on lbage 4-141 of Volume IIo

Table G--23 contains an estimated weight breakdown of the catcher assembly and includes

a S percent contingency. Cost estimates will be made using the weights and the cost

estimating relationships in Table G-24. Table G..25provides the results of the can

culations for development and first unit costs•

k_/
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Table G-23. Mass Catcher Weight Breakdown.

Element

Engines (8 @ 4.8 KN Thrust each)

Major Structural Ring (Despun)

Bag Rupture Screen

Bag Spin Bearing

Catcher Bag

Steel Cable

Kapton

Propellant Tankage

Propellant Tank Shielding

Avionics

Contingency

Weight
Metric Tons Pounds

4 8,820

412 908,460

240 529,200

206 454,230

1,200 2,646,000

390 859,950

360 793,800

50 110,250

2 4,410

136 299_ 880

3,000 6,615,000

The follow'ing assumptions were made for the cost estimates in TableG-25:

1. There are 8 propellant tanks, each weighing 793,800/8 = 99,225 lbs.

2. Tank Shields are 110,250/8 = 13,781 lbs each.

3. Structural Ring is divided into 8 identical segments, each weighing 908,460/8

= 113,558 lbs.

4. Catcher Bag Spin Bearing is divided into 16 identical segments, each weighing

454,230/16 = 28,390 lbs.

5. Assume Fluid Syst_ms Weight is 40 tons, or 88,200 Ibs.

6. Program Level Costs are 40% for De_celopment and 10% for First Unit Cost.

V

For production a 90% learning curve will be assumed and 20% of the hardware cost

will be allowed for program level costs. Using the vehicle first unit cost in Table

C--25, production cost can be expressed as follows:

848
" C = 1.2 (578.711) N"

848
= 694.453 N" (millions of 1977 dollars)

where N = Number of vehicles produced
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Table G-24. Mass Catcher Cost Estima Ung Relationships.

(Millions of 1977 Dollars)

ol

Element

Engines (LO2/LH2)

Structure

Tankage

Tank Shielding

Ring

Rupture Screen

Catcher Bag Spin Bearing

Fluid Systems

Catcher Bag

Avionics

Cost Estimating Relationships

Development First Unit

3.39 T "38 3.15 [.308+10.857× 10-6T "90't]

187 667
10.14 W ° .008 W"

187 667
10.14 W" • 005 W"

187 667
10.14 W" . 005 W"

• 55 W" 187 . 004 W" 667

10.14W'187 .018W'667

.30 43
3.04 W .096 W"

187 667
• 55 W" .004 W"

5 .667
• 231W" °021W

Remarks

T = Vacuum Thrust (lbs)

W = Subsystem Weight (lbs)

R ere fences: (1) Parametric LCC Analysis Techniques for Spa_cce _Syste___m_s,1978 IRAD Study by GDC,

Report Pending

(2) Shuttle System Payload Data Activity, GDC Report PSD-CO-015, Sept. 1974.



Table G--25. Mass Catelmr Development and First Unit Costs.

(Millions of 1977 Dollars}

9
o_

Element

Engines

Structure:

Tankage

Tank Shielding

Ring

Rupture Screen

Spin Bearing

Fluid Systems

Catcher Bag

Steel Cable

Kapton

Avionics

Subtotal

Program Level Costs

Total

Development

48. 184

Element First Unit

87.178 17.

60. 268 2.

89.405 11.

6.467 26.

68.989 16.

92. 579 12.

.989

212

883

771

285

809

848

Vehicle First Unit

5.768

100.

16.

68.

26.

176.

12°

CER Variable

381

814

649

285

456

848

T = 1080 N = 8

W=99,2251bs N=

W= 13, 7811bs N=

W = 113,558 lbs N =

W=529,200N= 1

W= 28,390N= 16

W= 88,200N= 1

8.737

7.081

15.340

484.228

193.691

677. 919

76.900

36.337

5.663

207.697

76.

36.

5.

900

337

663

526.101

52.610

578.711

W = 2,646,000, N =

W = 859,950, N = 1

W--- 4410, N = 1

Notes: (1) Vehicle First Unit Cost is the total cost of the elements in each subsystem assuming a 90%

learning curve: C = (Element TFU) N" 848 where N = Number of elements in the subsystem.
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Operations costs consist maintenance, spares and propellants. Crew labor for

operating the vehicle is costed under the "construction/maintenance crew" categories.

Annual costs are as follows:

Spares: 1% (578.711) = $ 5.787 million/year/vehicle

Maintenance: 3% (578.711) = $17. 361 million/year/vehicle

Each catcher uses 5585 metric tons of LO 2 and 800T LH 2 per round trip. The LO 2 is

manufactured from lunar soil and costs for it are reflected in the IX) 2 manufacturing

facilities. The LH 2 is earth supplied and costs $. 54 per pound. Cost per flight is :

$. 54 × 800 × 2005 = $. 953 million/flight.

Go 3.14 Mass Driver Catapult

The mass dr_ver catapult configuration Is shown in Figure 4-48. Costs of the

unit will be determined from cos t estimating relationships. Power to the unit will

be supplied by the lunar based nuclear power station and its cost will not be included.

A weight breakdown is shown in Table G--26. These weights will be the basis for the

cost estimates which follow. Due to the complexity of Mass Driver Catapult and the

lack of detail definition of the configuration (e. g., lack of subelement quantities and types,

lengths) confidence in the cost estimate will be low. The Cost Estimating Relationships

(CER's) are similar to those used previously and are shown in Table G-27. The develop-

ment and production costs are presented in TableG-28. Since only one unit is required,

first unit and production costs are the same.

Operations costs consist of maintenance and spares.

percent of the hardware cost per year or:

C = . 04 (269.105)

= $10. 764 million/year

These are estimated to be 4
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Table G.-26, Mass Driver Catapult- Weight Breakdown.

Weight
Metric Tons Pounds

Electronics

Windings 60.4 133, 182

Feeders 10.0 22,050

Capacitors 10. 0 22,050

SCR 3.2 7,056

Structures

Radiators 32. 0 70,560

Launcher Tube 88.2 128,331

Tunnel 20.0 44,100

Misc. 10.0 22,050

Support Facilities

Trim Stations 60.0 132,300

Loading Facilities 20.0 44,100

Stockpile Bins 20.0 44,100

Packaging Units 35.0 77,175

Soil Binders 50.0 110,250

Table G-27. Cost Estimating Relationships - Mass Driver Catapult.

Element

Electronics

Structures

Support Facilities

Soil Binder

CER (millions of

Development

.231 W "5

10.14 W" 187

10.14 W" 187

10

1977 dollars)

First Unit

667
• 021 W"

667
.013 W"

• 013 W' 667

10 W

Remarks

W = Subsystem

Weight (lbs)

Note (I)

Notes: (I)Soil Binder costs are assumed.
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Table G-28 Mass Driver Catapult Costs.

(millions of 1977 dollars)

o!
¢o

Element

Electronics

Windings

Feeders

Capacitors

SCR

Structures

Radiators

Launcher Tube

Tunnel

Misc.

Support Facilities

Trim Stations

Loading Facilities

Stockpile Bins

Packaging Units

Soil Binder

Subtotal

program Level Costs

Total

Development

84.301

34.302

34.302

19.404

81.793

91.474

74.911

65.804

Production

54.982

CER Variable

W= 133,182 lbs

W= 22,050 lbs

W= 22,050 lbs

W= 7,056 lbs

16.568

16.568

7. 748

• 22.281

33. 205

16.285

10.256

W= 70,560 lbs

W= 128,331 lbs

W= 44,100 lbs

W= 22,050 lbs

91.996

74.911

74.911

83.176

10. 000

821.285

328.514

1149.799

33,886

16.285

16. 285

23.653

1. 103

269.105

80.732

349.747 i

W= 132,3001bs

W= 44,100 lbs

W= 44,100 lbs

W= 77,175 lbs

W = 110,250 lbs

Notes: (1) Program Level Costs are assumed to be 40% of hardware cost for Development and 30% for first unit.



G.4 EARTH BASED FACILITIES

This category includes the design and construction of earth facilities required for

the SPS program. Two such facilities were identified: (1) propellant production

facilities and (2) SDV launch/recovery facilities.

i

G. 4.1 Propellant Production Facilities

ProPellant production requirements for the LRU options are not nearly as large

as the Earth Baseline requirements. This is due primarily to the use of lunar

resources in manufacturing oxygen and to the decreased usage of earth based

launch vehicles.

%J

The Earth Baseline propellant requirements totaled 3.865 × 106 metric tons per St>S

(Ref. Table G--50 in Section G. 7 ) or 10589 metric tons per day. Facility costs

were $3.5 billion (Ref. Figure F-1 in Appendix F ). This size plant and cost is

supported by the propellant plant CER on page X-D--154 of Solar Power Satellite

Concept Evaluation, Activities Report July 1976 to June 1977, JSC-12973. The
6

relationship is: C = 11. 694T" , where T is plant capacity in tons per day. A

factor of 20% was applied for Program Management and Integration. This _elds:

1.2 (11. 694) T" 6 14. 033 T 6.

Table G-29 shows the propellant facilities requirements for the LRU options and the

resulting facilities costs using the above equation. Propellant requirements are

the total propellants required to launch all ground based vehicles plus the propellants

carried from earth fox' space use. The recurring costs of producing propellant

from these facilities is included in the operations cost of each launch or space vehicle.

G. 4.2 Launch/Recovery Facilities

Launch/Recovery facilities for the LRU options are required for the Shuttle Derived

Vehicle. Costs for these facilities were scaled from the $2.8 billion Launch/Recovery
• J
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facility cost of the Earth Baseline (Ref. Figure F-l). It was assumed that gross

vehicle liftoff weight (GLOW) in tons/year varies exponentially with launch/recovery

facili ties cost.

Earth Baseline - 391 HLLV flts/yr @ 11,041 tons = 4. 317 × 106 tons/yr.

Scaling Relationship: C = $2800 milli°n IGLOW/vear14.317 × 106 .67

Costs for the facilities in each LRU option, based on the above scaling relation, are

shown in Table G-30.

Facility operations costs consist of launch/recovery operations and maintenance

costs. Launch/recovery operations costs are included in the operations costs of the

SDV. Facility maintenance costs are assumed to be 5 percent of facility costs per

year and are shown in TableG-30.

J
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Table G-2_ Propellant Production Facilities
"_..J

Propellant Use

LH 2 carried to space

SDV Propellant

Space Shuttle Propellant

Total Propellant

(tons/SPS)

Capacity Requirement (tons/day)

Facilities Cost (millions

of 1977 dollars)

Option B

1,279

233,555

68,768

302,602

1,000

88S.422

Option C

10,527

407,785

88,837

507,149

1,400

1083.496

Option D

886

260,609

88,837

350,332

1,000

885.422

Notes:

(1) Earth supplied propellant requirements for sizing the propellant production

facilities were obtained from Figures 4--4, 4-6 and 4--7. As an example,

the SDV propellant in Option C, from Fig 4-6 , is: 41.45 x 9838 tons/SPS

= 407785 tons/SPS.

(2) Facility capacity determined by dividing total propellart required per SPS

by 365 days and rounding up to the nearest thousand.

(3) Facilities CER: 14. 033T" 6, where T = tons/day capacity.

V

Table G-S0. Launch/Recovery Facility Costs.

(Millions of 1977 dollars)

LRU Option

B

C

D

GLOW

(tons/year)

68 SDV flts/yr x 4196 tons =. 285 x 106

120 SDV flts/yr × 4196 tons =. 504 × 106

76 SDV flts/yr x 4196 tons =. 319 x 106

Facilities Annual

Costs Maintenance

453.244 22.662

664.071 33.204

488. 794 24.440

". J
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G. 6 LRU MANUFACTURING FACILITIES AND EQUIPMENT

The elements in this section are the facilities and equipment required to remove the

lunar material and convert it into usable products. They include mining and beneficia-

tion equipment, processing facilities, manufacturing equipment and LO 2 liquefaction

equipment.

G. 5.1 Lunar Minin_ Equipment

Mining equipment is described in Figure 4-10. Lunar loaders and haulers will be

similar to present day earth equipment with modified power plants. Costs of equipment

today are:

12.5 Ton Loader

50 Ton Hauler

$.105 million (CaterPillar Model 966C)

$. 412 million (Caterpillar Model 777)

The type of power plant has not yet been defined. It could be powered by fuel cells or

batteries combined with an electric motor. The cost to develop and install these power

systems would far outweigh the above prices for mass produced equipment. Assume

the cost to develop and produce each piece of equipment is as follows:

12.5 Ton Loader $15 million each

50 Ton Hauler $10 million each

Total cost for two loaders and two haulers is $50 million.

Operations cost of the equipment consists of spares, maintenance and labor for opera-

ting the equipment. Spares and maintenance are assumed to be 1% and 3% of total hard-

ware cost per year. Maintenance costs represent an allowance for earth based support

of maintenance operations. The actual maintenance labor, as well as operating labor,

is covered as a single item, "Construction/Maintenance Crew."

Total Operating Cost = 4% (50) x 30 years = $60 million
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G.6.2 Lunar Material Beneficiation Equipment

The beneficiation equipment concept is shown in Figure4--10. The configuration is

not well enough defined to use cost estimating relationships on a subsystem basis. It

will be assumed that a structural type cost estimating relationship for a truss type

structure will apply to the entire system. CER's are from: Parametric LCC Analysis

Technique for Space Systems, 1978 IRAD Study by GDC, Report pending.

Development Cost = 1. 104 W" 187 (millions of 1977 dollars)

First Unit Cost =. 005 W" 667 (millions of 1977 dollars)

An allowance of 40% for development and 30% for production will be made for program

level costs. This includes system test, tooling, program management, sustaining

engineering and assembly/checkout. Applying these factors to the above equations

the following CER's are obtained:

Development Cost = i. 546 W" 187 (millions of 1977 dollars)

Production Cost = . 007 W" 667 (millions of 1977 dollars)

and are not included here.

Spares:

Maintenance:

Operations costs consist of spares, maintenance and labor for operating the equipment.

Labor costs are included under a single category: "Construction/Maintenance Crew"

Annual costs are as follows:

1% (Production Cost)

3% (Production Cost)

Maintenahce costs represent the cost of earth based support for repair and maintenance

operations. The actual maintenance operations are carried out by the resident crews.

G. 5.3 Processing Facility

The processing facility has not been defined in sufficient detail to determine costs with

a high level of confidence. A rough order of magnitude estimate will be made however,

and updated as the configuration is further defined. Table C-I, on page C-7 of Appendix C,

provides processing equipment weight estimates for three different approaches.

For the present, assume the acid leach process will be used.
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Facility equipment masses vary among the different LRU options. Other than the

radiator, no breakdown of subsystem weights has been defined. An assumed break-

down for costing purposes is shown in Table G-31. Cost estimating relationships are

provided in Table G-32. Costs for LRU Option C are shown in Table G-33. Processing

facility costs for the other options can be scaled by weight as shown below.

Development: C = 1371. 957

= 13.450 W. 5

Production: C = 2829.410 _0_ ) "67

= 5.'/56 W "67

V.j

Operations:

where:

4%/year (Production Cost)

W = Total Processing Facility Weight of

Options B or D (metric tons)

Element

Table G-31. Processing Facility Weights (metric tons)

Option Option Option

B C D

Radiators

Structural Enclosure (25%)

Processing Machinery (60%)
Silica Glass Silicon

Aluminum Oxygen
Iron

Fluid Systems (14%)

Electronics (1%)

Total

6500 7500 11,500

444 726 I,370

1065 1743 3,288

248 407 767

18 29 55

8275 10405 16,980

Notes: (1) Percentages represent assumed breakdown of elements out of

the total facility equipment mass.

(2) Various processing machinery elements are assumed to be

of equal weight.
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Table G--3Z Processing Facility Cost Estimating Relationships

Element
CER's (millions of 77 $)

Development First Unit Reference

Structures/Radiators

Processing Machinery

Fluid Systems

Electronics

4.614 W •187 o 013 W *667 (1)

10•14 W •187 .007 W °667 (1)

3• 04 W "30 • 096 W -43 (1)

• 231 W ° 5 .021 W" 667 (2)

?
O_
O_

Notes: (1)

References:

W = Weight in lbs.

(1) Parametric LCC Analysis Technique for Space Systems, 1978 IRAD
Study by GDC, Report Pending•

(2) Shuttle System Payload Data Activity, GDC Report PSD-CO-015,

Sept. 1974.
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Element

Table G-3_

Radiators

Structural Enclosure

Processing Machinery
Silica Glass

Aluminum

Silicon

Oxygen
Iron

Fluid Systems

Electronics

Subtotal

Program Level Costs

Spares

Maintenance

Lunar Processing Facility Costs - Option C

(millions of 1977 dollars)

Total Cost

Development

Total

29.943

66,725

127.841

'I
127. 841

185. 684

58.414

979. 971

391. 988

1371.959

Production

1634,157

178.748

59.004

F

59.004

34.839

33.705

2176.469

652.941

2829o410

Annual Cost

Operations

21. 765

65. 294

87.059

Notes: (1) Program Level Costs: 40% of Hardware Development Cost and
30% of Production Cost.

(2) 750, 10 ton radiator units required. 85% learning assumed.

(3) Anntml Operations Costs: Spares 1% and Maintenance 3% of
Hardware Production cost.



G. 5.4 Liquefaction Equipment

A. Lunar Surface Facility

The LO 2 lunar surface liquefaction facility is defined in Fig'ure 4-18. Costs will be

determined for this facility using cost estimating relationships. Costs for other sizes

of facilities then can be scaled from this base cost. Costs for the storage tanks are

not included in this section. They are covered with propellant depots in Section G. 1.

_J

The following is a weight breakdown of the facility shown in Figure 4-18 ;

Weight
Element tons lbs.

Structural Enclosure

Radiator

Heat Exchangers/Pumps

Liquefaction Equipment

Avionics, Controls

Total

66.6 146,853

815.3 1,797,737

5.9 13,010

185.5 409,028

6.7 14 T774

1080.0 2_ 381,402

Cost estimating relationships for the above elements are shown in Table G--34, Devel-

opment and production costs are shown in Table G-35. From these costs, and the

above weight, the following scaling relationships can be derived for other sizes of

facilities:

( 'V ) "_Development Cost = 382.151

= 11. 628 W" 5 (millions 1977 dollars)

Production Cost

.67

= 515. 520

= 4.785 W" 67 (m'illions 1977 dollars)

Operations Cost

Where:

= 4 %/year (Production Cost)

W = Liquefaction equipment weight (tons)

for Options B, C or D.

B. SMF Oxygen Liquefaction Facility

The SMF oxygen liquefaction facility is shown in Figure 4-19 • It is similar to the

lunar surface liquefaction facility except it has its own solar array power supply.

Cost for the facility, excluding power supply, can be estimated using the scaling

/
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relationships from StepA. Costs of the solar array power supply and associated

systems can be estimated using the scaling relationships for Pnotovoltaic Power

Stations in Section G. 6.1. The combined costs are shown below:

SMF Oxygen Liquefaction Facility Costs (Concept B) -

Development: C = 11. 628 W" 5 + 24.04 P- 5

Production: C = 4.785 W" 67 + 22.54 P" 67

where: W = Liquefaction Facility weight, in metric tons,

excluding power source

P = Power output (megawatts)

Operations costs are estimated at 4 percent of production cost per year.

Table G--34. Liquefaction Equipment Cost Estimating Relationships

Subsystem Type

Structures

Fluid Systems

Avionics

CER in millions of 1977 dollars

Development First Unit

4.614 W" 187

3.04 W .30

.231 W" 50

.013 W" 667

• 096 W" 43

• 021 W" 667

Sources: (1) Same as shown in Table G--32.
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Table G-3_ Base Cost - Liquefaction Equipment

?

Element Development First Unit Quantity Production

17.238 1.431 100 48.712

28.821 8.950 100 304.66.5

52.138 5.642 1 5.642

146.690 24.850 1 24.850

28.078 12.685 1 12.685

272.965 396.554

109.186 118.966

Structural Enclosure

Radiator

Heat Exchanger & Pumps

Liquefaction Equipment

Avionics

Hardware Total

Program Level

Total 382.151 515.520

Notes: (1) Structural Enclosure is equipment tunnel. Assume there are 100, 30 meter

long sections, each weighing 1151 lbs.

(2) For costing purposes assume there are 100 radiator elenmnts, each

30 meters in length. Element weight - 17977 lbs.

(3) Program Level Costs: 40% for Development; 30% for Production

(4) An 85 percent learning curve was assumed for Structures production.
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G. 5.5 Manufacturing Facilities

A manufacturing flow diag'ram is shown in Figure D--1. The individual components of

themanufacturing process are identified in Tables D-2, D-3, D-4 and D-5 of Appendix D.

Facilities were divided into four major categories: (1) Stock Manufacturing, (2) Parts

Manufacturing, (3) Component Assembly, and (4) Solar Cell Panel Facilities. Depending

on the LRU option, some of the facilities may be placed on the moon and some in space.

Individual facilities may also be split between the moon and space.

The approach taken here was to use cost comparables to establish equipment costs.

In this method costs are estimated using the same or similar products. The comparables

method was pursued primarily because of data availability, that is, data is readily avail-

able on current or proposed products from commercial sources. It should be noted that

certain items might not be usable in an off the shelf condition, but any attempt to derive

a modification factor would be specious,

Costs were categorized to correspond to the four major categories mentioned above.

The derivation of those costs is shown in sections A through D below. For each element

within each category the product to be manufactured was identified and a-iven the same

item number as the manufacturing process tables on pages 1)-29 through D--32 of

Appendix D. The equipment necessary for the particular operation and the parameters

necessary for identifying cost comparables were then identified. Next, the cost corn-

parables themselves, including source description, cost source and any applicable

analyses were presented. In some cases equipment will not be costed on an item by item

basis but rather, as part of a process. Finally costs were summarized in tabular form

for each category. Several of the categories share the use of manufacturing equipment.

Rather than allocate value by the percentage of use of a particular item, total costs will

be assigned to the first item using that equipment, as presented by the study.
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In Section E the allocation of equipment between space and the moon is made, Costs

are then allocated accordingly and adjustments are made for system level costs and

design changes to give total manufacturing facility costs for each option.

A. STOCK MANUFACTURING FACILITIES

Stock manufacturing facilities consist of Items (1_) through (7).

below and are summarized in Table G-3_.

Item (1_) - Aluminum Sheet

Equipment Required:

1.

,

Costs are derived

7/1200 K'%V, S0 KV electron beam _ms and power supplies,

including magnetic lens and beam deflection accessories.

3 Industrial Robots

Cost

1.

1

Comparables:

Airco Temescal Model EH 1200/50 electron beam gun

@ $2000 - 3000 per KW, including power supply. The

high end of the price range will be used in order to include

the magnetic lens and beam deflection accessories.

Unimation Model 2005C Industrial Robot - S60,000 each.

Equipment Cost:

1200 KW @ $3000 = $3.6 million for one unit.

Assume 95_ learning for 7 units.

Cost = 3.6 (7)" 926 = $21.82 million

Robots 3@.06=$.18million

Total Cost = $22.00 million

V
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Item (2) - Aluminum Wire - Conductors and Coils

Equipment Required:

1. 1 roll slitter and strip coiler

2. 1 Electron Beam Welder

3. 8 Wire drawing machines utilizing I/4" aluminum strip

to produce 1.13 mm wire at 2124 M/minute

4. 2 Industrial Robots

Cost Comparables:

1. Niagra 1R4 Shear $. 025 million

2. Sciaky model VX. 3 Electron beam welder - $643,500

3. Roth R2R3 Wire Drawing Machine
First Unit =. 275 million

4. Unimation Model 2005C Industrial Robot - $60,000 each

Equipment Cost:

Roll Slitter - $. 025

Electron Beam Welder - $. 644

Wire Drawing Machines - 8 units @ 95% learning - . 275 (8)" 926

Industrial Robots - 2 @. 06 = $. 120

Total Cost = $2.675 million

Item (3) - Steel Sheet for Heat Pipe Tubing

Equipment Required:

i. 8 - 1200K%V, 50 KV electron beam _%ms and power supplies

including magnetic lens and beam deflection accessories

2. 3 Industrial Robots

Cost Comparables:

1.

1

= $1. ss6

Airco Tenescal Model EH 1200/50 electron beam gun @ $3000

per KW including power supply. Price includes magnetic lens

and beam deflection access. Each item: $3000 x 1200 KW = $3.6 million

Unimation Model 2005C Industrial Robot - $60,000 each.
2 @ . 06 = $.120 million

Equipment Cost:

Electron Beam Guns - 8 units @ 95% learning

Industrial Robots - 3 @. 06 = $.180 million

Total Cost = $24. 872 million

3.6(8)" 926 = $24.692 million
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Item (4) - Iron Sheet - Poles for Klystron Solenoi d

Equipment Required:

1. 3 - 400 KW electron beam guns w/associated power supplies

2. 1 Blanking Press & Dies

3. 2 Industrial Robots

Cost

I.

.

3.

Comparables:

Airco Tenescal quote of $2000 - 3000 per K'W including power supply.

$3000 chosen. $1.2 million per item.

Niagra PN-6048 (60" x 48") - $. 06 million.

Unimation Model 2005C Industrial Robot - $60,000 each

Equipment Cost:

Electron Beam Guns - 3 @ 1.2 = $3.60

Blanldng Press - $. 06

Industrial Robots - 2 @. 06 = $. 12

Total Cost = $3.78 million

Item (5) - Aluminum Castings - Klvstron Solenoid Cavity & Strut Assembly Nodes

Equipment Required:

1. 1 50 KW induction furnace with power supply & controller - . 136 ton/hr.

capacity

2. 1 Automatic Permanent Mol_ Casting Machine 8-10 stations with 100

castings/hr, capacity

3. 4 sets of permanent mold & accessories

4. 6 Industrial Robots

Cost Comparables:

1. .136 ton/hr, induction furnace per GDC Facilities personnel (Bill Ladd) -

$2_0,000

2. 8-10 Station Automatic Mold Casting Machine, American Die Casting

Institute (John Nelson) - $. 255 million

3. Permanent molds & accessories, GDC Facilities personnel estimate

$. 200 million

Unimation Model 2005C Industrial Robot - $60,000 each.

Equipment Cost: Furnace - $. 250

Casting Machine - $. 255
Permanent Molds - $. 200

Robots - 6 @ .06 = $.360

Total Cost = $1. 065 million /
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Item (6) - Sendust Casting - Transformer Core

Equipment Required:

1. 600 KW high frequency induction melting furnace - . 127 tons/hr, capacity

2. Sand mixing and molding equipment

3. 1 Industrial Robot

Cost Comparables:

1. .136 ton/hr, induction furnace in item (5) has essentially same capacity -

$. 25 million

2. Sand mixing and molding equipment $. 03 million - analyst judgement

3. Unimation Model 2005C Industrial Robot - $60,000 each

Equipment Cost:

Furnace - $. 25

Sand Mixing/Molding Equipment - $. 03

Industrial Robot - $. 06

Total Cost = $. 34 million

Item (7) - Foamed Glass Components - _[PTS Wave_oxlides_ Primary Structural

Members_ Secondary Structural Members

Equipment Required:

1. Foam Glass Manufacturing Facility - 104 ton/day capacity

2. 70 Industrial Robots

Cost Comparables:

1. Based on a study by the University of Utah for the EPA, "Foam Glass

Insulation From Waste Glass," Rpt. PB-272761, a foam glass manu-

facturing facility with the required capacity would cost approximately

$1.8 million. Manpower requirements are in the order of 85 people.

2. Unimation Model 2005C Industrial Robot - $60,000 each

Equipment Cost:

Robots were substituted for 70 of the 85 persons required for the

facility on a man for man basis.

Manufacturing Facility - $1o 80

Industrial Robots - 70 @ . 06 = $4.20

Total Cost = $6.00 million
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Table G-3ft Cost Summary - Stock Manufacturing Facilities

?

Item

Number Description

(1) Aluminum Sheet

(2) Aluminum Wire

(3) Steel Sheet

(4) Iron Sheet

(5) Aluminum Castings

(6) Sendust Casting

{7) Foamed Glass

Total Cost

(millions of 1977 dollars)

22. O0

2.68

24.87

3.78

1.07

• 34

6. O0



B. PARTS MANUFACTURING FACILITIES

Parts manufacturing facilities are assigned Item numbers (8) through (14) and are

described below. Costs are summarized in Table G-37.

!

Item (8) - Aluminum End Fit-tings - Primary Support Struts_
MPTS Secondary Struts

Equipment Required:

1. 1 Sheet Metal Cutter

2. 1 Roll Forming Machine

3. 1 Blanking Press & Dies

4. 1 Electron Beam Welder

5. 2 Industrial Robots

Cost Comparables:

5. Untmation Model 2005C Industrial Robot - $60,000 each

Equipment Cost:

Equipment Items 1 through 4 above are used in parts manufacturing,

Item (9), Aluminum Housings for Klystron, and no charge will be

made here. Only the robots are costed in this category.

Industrial Robots - 2 @ . 06

Total Cost = $. 12 million

Item (9) - Aluminum Components; Klystron Solenoid Housing,

Klystron Collector Housing

Equipment Required:

1. 1 Sheet Metal Cutter

1

3.

4.

5.

6.

7.

1 Roll Forming Equipment

I Blanking Press & Dies

1 Welding Jig & Fixtures

I Metal Arc Welder

1 Electron Beam Welder

2 Industrial Robots
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Item (9)- Continued

Cost Comparables:

1. Niagra IR4 Shear - $. 025 million

2. Farnham 10 ft. roll former - $.183 million

3. Niagra PN-6040 blanking press - $. 06 million

4. & 5. IAnde SVI 400 welder - $. 005 million

6. Previously purchased - cost not included under this item

7. Unimation Model 2005C Industrial Robot - $60,000 each

Equipment Cost;

Sheet Metal Cutter - $. 025

Roll Former- $. 183

Blanking Press - $. 06

Welding Jig/Welder, 2 @ . 005 - $. 01

Industrial Robots - 2 @ . 06 = $. 12

Total Cost = $. 398 million

Item (10)- Copper Plating - kqystron Cavity Aluminum Parts

Equipment Required:

1. . ST rubber coated electroplating tank & accessory power unit

2. 1 Industrial Robot

Cost Comparables:

1. . ST rubber coated electroplating tank & access power unit.

Facilities Engineering estimate $. 40 million

2. Unimation Model 2005C Industrial Robot - $60, 000 each

Equipment Cost:

Electroplating Tank - $. 40
Industrial Robot - $. 06

Total Cost = $. 46 million

GDC
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Item (I-1)- Foamed Glass Tubes and Wave.ides

Facility required for these components was costed under Item (7)of

Stock Manufacturing.

Item (12 - Aluminum Deposition on MPTS WaveEuides

Equipment Required:

I. 6 - 160 KW Electron Beam Guns

Cost Comparables:

I. Airco Tenescal quote of $2,000 - 3,000 per ICW, including power supply.

Cost per unit - $160 x $3,000 = $480,000

Equipment Cost:

Electron Beam Guns - 6 @ 95% learning

C = °48(6).926

Total Cost = $2.52 million

Item (13) - Steel Heat Pipes (Sheet)

Equipment Required:

I. 5 ro11 forming machines - 3 meter

2. Automatic tube welder

3. 3 presses for end closu/-e

4. 3 Electron Beam Welders

5. 5 Tube Bending IVIachines

6. 5 Industrial Robots

Cost Comparables:

1. Farnham 10 ft. Roll Forming Equipment - .183 million each

2. & 4. Sciaky VX. 3 Electron Beam Welder - . 644 million each

3. End Closure Press - $. 024 million each - analyst's judgement

5. Tube Bending Machine - $.012 million - analyst's judgement

6. Unimation Model 2005C Industrial Robot - $60,000 each
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Item (13) - Continued

Equipment Cost:

Roll Forming Machines -5 @ .183 = $. 915
Tube Welder - $. 644

Presses - 3 @ . 024 = $. 072

Electron Beam Welders - 3 @ . 644 = $1. 932

Tube Bending Machines - 5 @ . 012 = $. 060

Industrial Robots - 5 @ . 06 = $. 30

Total Cost = $3.923 million

Item (14) - Glass Fiber Insulation on Electrical Wiring

Equipment Required:

1. 1 Glass Filament Coater

2. 334 Braiding Machines (2 ft/minute rate)

3. 15 Industrial Robots

4. 1 Melting Furnace

5. 1 Bushing Winding Machine

Cost Comparables:

1. Glass Filament Coater - $. 02 million - analyst's judgement

2. New England Buff Co. Braiding Machines - $. 005 million each

3. Unimation Model 2005C Industrial Robots - $60,000 each

4. Melting Furnace - $. 10 million, analyst's judgement

5. Bushing Winding Machine - $. 02 million, analyst's judgement

Equipment Cost:

Glass Filament .Coater - $. 02
Braiding Machines - 334 @ 95% learning, . 005(334)- 926 = S1. 086

Industrial Robots - 15 @ . 06 = $. 90

Melting Furnace - $. 10

Bushing Winding Machine - $. 02

Total Cost = $2.126 million
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Table G-37 Cost Summary - Parts Manufacturing Facilities

Oo
b-'

Item

Number

(s)

(9)

(lo)

(11)

(12)

0-3)

04)

Description

Aluminum End Fittings

Aluminum llousings ,

Copper Plating

Foamed Glass Tubes/Waveguides

Aluminum Deposition on Waveguides

Steel Heat Pipes

Glass Fiber Insulation

Total Cost

(millions of 1977 dollars)

.12

.40

•46

(See Note 1)

2.52

3.92

2.13

Note (1): Costs for this facility is included under Item (7) of Table G-36.



C. COMPONENTASSElVIBLYFACILITIES

Componentassembly facilities are assigned Item numbers (15)through (20).

are derived below and are summarized in Table G-38,

Costs

Item (15)- DC-DC Converter Assembly

Equipment Required:

1. Assembly Fixture, including storage bins, turntable and controls,

wire spools and locating tools (9 tons)

2. 2 Industrial Robots

Cost Comparables:

1. No assembly fixture comparable available. Cost estimate using
structural CER: . 004W. 667

• 004(19845)" 667 = $2.94 million

2. Unimation Model 2005C Industrial Robot - $60,000 each

Equipment Cost:

Assembly Fixture - $2.94

Industrial Robots, 2 @ . 06 = $. 12

Total Cost = $3.06 million

Item (16 ) - Klys tron Assembly

Equipment Required:

1. 6 Electron Beam Welders

2. 12 Industrial Robots

Cost Comparables:

1. Sciaky VX. 3 Electron Beam Welder - $. 644 million

2. Unimation Model 2005C Industrial Robot - $60, 000 each

Equipment Cost:

Electron Beam .Welder - 6 @ 95% learning- . 644(6). 926 = $3. 384

Industrial Robots - 12 @ . 06 = $. 72

Total Cost = $4.104 million
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Items (17) & (18) - Radiator Assembly, Klystron and DC-DC Converter

1. 2 Cutting Machines to produce aluminum strip

2. 2 Brazing Furnaces w/conveyer system

3. 10 sets, Fixtures and Tooling (2 tons total weight)

4. 1 Cutting Machine to prepare 1 x 4M se_cn,nents

5. 2 Forming Press & Die

6. 2 Automated Roll Seam Welder

7. 2 Fusion or Electron Beam Butt Welders

8. 10 Industrial Robots

Cost Comparables:

1 & 4. Niagra IR4 48 inch shear - $. 025 million

2. Brazing Furnace 350-1100 deg. C° GDC Facilities estimate (]3. Ladd) -
$. 04S million

3. Fixtures & Tooling - no cost comparable. Analyst's judgement - $1.25 million

5. Faraham Roll Forming Equipment, 10 ft width - $. 183 million

6 & 7. Sciaky VX. 3 Electron Beam Welder - $. 644 million

8. Unimation Model 2005C Industrial Robot - $. 06 million each

Equipment Cost:

Cutting Machines - 3 @ . 025 = $. 075

Brazing Furnace - 2 @ . 045 = $. 090

Fixtures/Tooling - $1. 250

Forming Press & Die - 2 @ .183 = $.366

Welders - 4 @. 644 = $2. 576

Industrial Robots - 10 @. 06 = $. 600

Total Cost = $4.957 million
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Item (19) - Structural Member Assembly (Foamed Glass)

Equipment Required:

1. 3 - Heating Furnaces

2. 6 - Swaging Machines

3. 3 - Groove Cutters

4. 3 - Crimping Machines

5. 6 - Industrial Robots

Cost Comparables:

1. Induction Furnace under Item 5 of Stock Manufacturing Facilities -
$. 25 million

2 & 4. Farnham 10 ft. Roll Former - $. 183 million

3. Niagra 1R4 Shear Machine - $. 025 million

5. Unimation Model 2005C Industrial Robot - $. 06 million each

Equipment Cost:

Heating Furnaces - 3 @. 25 = $. 75

Swaging Machines - 5 @ . 18 = $. 90

Groove Cutters - 3 @ . 025 = $. 075

Crimping Machines - 3 @. 18 = $.54

Industrial Robots - 6 @ . 06 = $. 360

Total Cost = $2.625 million

Item (20) - MPTS Waveguide Subarray Assembly

Equipment Required:

1. 1 - Electron Beam Welder

2. 1 - Industrial Robot

Cost Comparables:

1. Sciaky Model VX. 3 Electron Beam Welder - $. 644 million

2. Unimation Model 2005C Industrial Robot - $. 06 million each

Equipment Cost:

Electron Beam Welder - $. 644

Industrial Robot - $. 06

Total Cost = $. 704 million
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Table G--38. Cost Summary - Component Assembly Facilities

00
¢Jt

Item

Number

(15)

(16)

(17)

(18)

(19)

(20)

Description

DC-DC Converter

Klystron

DC-DC Converter Radiator

Klystron Radiator

Structural Member

MPTS Waveglaide Subarray

Total Cost

(millions of 197'7 dollars)

3.06

4.10

4.96

2.63

.70



D. SOLAR CELL P2uNEL PRODUCTION FACILITIES

Facilities for solar panel production are assigned Item numbers (21) through (26).

Costs are derived below and are summarized in Table C--39.

kj

Item (21) - Silica Glass Solar Cell Covers & Substrate

Equipment Required:

1. 1 - Melting Furnace (20 tons/hr capacity)

2. 10 - Insulated Molten Glass Tanks with 14 Molybdenum dies with slits

(Weight 3 tons/tank)

3. 15 Industrial Robots

Cost Comparables:

1. Melting furnace scaled from . 136 ton/hour induction furnace" in Item (5),

Stock Manufacturing by factor of. 67. C =. 25 (20/. 136)" 67 = $7.08 million

2. Insulated Glass tank vdth dies - No cost comparable available.

Estimate based on simple structural CER:

First Unit. 004(6615)- 667 = $1.414 million

3. Unimation Model 2005C Industrial Robots - $.06 million each

Equipment Cost:

Melting Furnace - $7.08

Glass Tanks - 10 @ 90% learning - 1.414(10)" 848 = $9.96

Industrial Robots - 15 @ . 06 = $. 54

Total Cost = $17.58 million

Item (22) - Aluminum Deposition on G1 ass Substrate

Equipment Required:

1. 4 - 250 KW Electron Beam Guns w/power supplies for coating
solar cell substrates with aluminum

2. 1 - Etching Tank & Maskant Film Interconnect Pattern for etching

Cost Comparables:

1. Airco Tenescal model EH 1200/50 electron beam gun w/power supply
3000/KW - $. 75 million each

2. Etching Tank & Maskant Film - $.10 million - Analyst's judgement
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Item (22) - Continued
t

Equipment Cost:

Electron Beam Guns - 4 @ $.75 = $3.00

Etching Tank/Maskant Film - $. I0

Total Cost = $3.I0 million

Item (23) - Silicon Refining to PPB Level

Equipment Required:

1. Silane/Silicone Process Equipment with 19272 ton/year capacity

Cost Comparable:

I. Low Cost Solar Array Project Proceedings: 9th Project Integration

Meeting, Report 5101-67, April 1978 provides the following data on

page 3-19: UCC Silane/Silicon Process Plant Cost - $6.0 million

Plant Size - I000 metric tons/year

Equipment Cost:

Scaling above plant up based on capacity, cost is:

6.0 _'_/ = $43. 556 million

Item (24) - Silicon Solar Cells

Equipment Required:

1. 49283 Ribbon Growing Machines (edge-defined film-fed growth (EFG) process).

Annual production - 117.04 x 106 m 2.

2. 1070 - IndustrialRobots

Cost Comparables:

I.

0

Low Cost Solar Array Project Proceedings: 9th Project Integration

Meeting, Report 5101-67, April 1978 provides the following data on

page 3-76: Cost of EFT equipment is $16 per square meter of annual

cellproduction.

Unimation Model 2005C Industrial Robots - $. 06 million each

Equipment Cost:

EFG Equipment - 117.04 x 106m 2 x 16 = $1872.64

Industrial Robots - 1070 @ S. 06 = $64.20

Total Cost = $1936.84 million
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Item (25) - Cut Ribbon, Dope, Apply Contacts & Anneal

Equipment Required:

1. 83 - 550KW Ion Beam Implanters, Electron Beam Annealer and contact

coating equipment. Mass 30 tons.

2. 166 - Industrial Robots

Cost Comparables:

1. 200 KW Ion Beam Implanter, 2 ton mass (per A. Hurlich, GDC Mat'ls.

Research) - $1 million

2. Unimation Model 2005C Industrial Robots - $. 06 million each

Equipment Cost:

Beam Implanter cost, scaled up by weight to obtain First Unit Cost,

using a. 67 scaling exponent: 1.0 (30/2) .67 = $6.137

Ion Beam Implanter @ 95_c learning

6. 137(83). 926 = $367.30

Industrial Robots - 166 @ . 06 = $9.96

Total Cost = $377.26 million

Item (26) - Silicon Solar Cell Module Assembly

Equipment Required:

1. 164 - Electrostatic Bonding Machines, 7.5 tons each

2. 164 - Automated Module Assembly Machines, 11.6 tons each

3. 254 - Industrial Robots

Cost Comparables:

1. Cincinnati Cost Breaker 90, Hydraulic Press Brake Model 135CB

$75,000

2. Pratt & Whitney, Aztec 15, 4 axis Horizontal Machining Center,

mass 10.25 metric tons - $. 259 million

3. Unimation Model 2005C Industrial Robot - $. 06 million each

V

s_

C-88



Item (26) - Continued

Equipment Cost:

Bonding Machines - assume 95% learning
• 075(164)" 926 = $8.43

Assembly Machines - assume 95% learning
• 259(164). 926 = $29.12

Industrial Robots -. 06 x 254 = $15.24

Total Cost = $52.79 million

Item (27) - Glass Bag Manufacturing

Equipment Required:

1. 1 - Melting Furnace (. 9 tons/hr capacity), 450 KW

2. 1 - Fiberglass Production Equipment (Bushings, drums, Insulated

Molten Glass Tanks), 20 metric tons, 25 I<W

3. 30 - Tubular Weaving Machines for 12 cm dia tubes at rate of

150 cm/min, 4 tons each, 10 KW

4. 10 - Heat Sealing _Lachines, 2 tons, 10 K'_V

Cost Comparables:

1. Melting Furnace scaled from. 136 ton/hour induction furnace in

Item (5), Stock Manufacturing by a factor of. 67.
C = .25 (.9/.136) .67 = $.887 million

2. No cost comparable. Estimate based on simple structural CER:

First Unit =. 004 {44100)" 667

= $5.01 million

3. Pratt & Whitney, Aztec 15, 4 axis Horizontal Machining Center,

mass -10.25 metric tons - $. 259 million

4. No cost comparable - Estimate @ $60, 000 each

Equipment Cost:

Melting Furnace - $.887

Fiberglass Production Equipment - $5.01

Weaving Machines - 95% learning

•259(30).926 = $6.04

Heat Sealing ,Machines - I0 @ .06 = $.60

Total Cost = $12.537 million
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Table G-39. Cost Summary - Solar Cell Panel Production Facilities

¢,D

Item

Number

(21)

(22)

(23)

(24)

(25)

(26)

(27)

Description

Solar Cell Covers

Aluminum Deposition

Silicon Refining

Solar Cells

Cut Ribbon/Dope/Anneal

Cell Module Assembly

Glass Bag Manufacturing

Total Cost

(millions of 1977 dollars)

17.58

3.10

43.56

1936.84

377.26

52.79

12.54
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E. LRU OPTION MANUFACTURING FACILITY COSTS

All development and production costs of facilities will be allocated to one of two

RDT&E cost elements in the WBS: C(1326), Lunar Based Manufacturing Equipment

or C(1333), Space Based Manufacturing. Cost to operate and maintain these facilities

over their operational life is included under the SPS Production Phase, C(2226) and

C(2323). Operations cost of all facilities are assumed to be 4 percent of production

hardware cost per year ('1% for spares, 3% for earth support of maintenance operations).

Labor costs for operating the facilities are included under WBS elements C(2210) or

C{2310), which are lunar and space based construction/maintenance crew costs.

The allocation of the manufacturing equipment between space and the lunar surface is

the same for Options C and D. For Option B, all manufacturing equipment is in space

except for Item (27), Glass Bag Manufacturing. The unadjusted facility hardware costs,

and their allocation to space or the lunar surface, are shown in Table C--40. Cost ad-

justments and the resulting LRU manufacturing facility costs are shown in Table G-41.

An adjustment of 100 percent of the hardware cost was made to allow for any design

changes in the equipment to make it compatible with a space environment and to allow

for uncertainties. This is the cost for hardware development. System level costs,

in the amount of 40% of the design change allowance, were added to the development

costs to allow for initial tooling, system testing, training and program management.

Production costs, or those costs shown in Tables C--36, 37, 38 & 39 , were adjusted

by 20 percent to allow for hardware accessories which may be required to integrate

the equipment into a single facility or for installation. An allowance of 30 percent

was made for Production Program Level Costs. It includes such items as sustaining

engineering and tooling, system test and checkout and initial spares.
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Table G-40. Unadjusted Manufacturing Element Costs and their Allocation

(millions of 1977 dollars)

?
1-_

Cate ,or

Stock

Manufacturing

Parts

Manufacturing

Component

Assembly

Solar Cell

Panel

Manufacturing

Item

Number

(1)

(2)

(3)

(4)

(5)

(6)

(7)

(8)
(9)

(10)

(11)
(12)

(13)

(14)

(i5)
(16)

(17)

(18)

(19)

(20)

(21)

(22)

(23)

(2,4)

(25)

(26)

(27)
Total Unadjusted

Equipment Cost

OPtion C or Option D

Lunar Based Space Based

22.00

2.68

24.87

3.78

1.07

• 34

.46

6.00

.12

.40

2.52

3.92

2.13

3.06

4.10

4.96

2.63

.70

17.58

3.10

1936.84

377.26

52.79

22.

2.

24.

3.

I.07

.34

6.O0

Option B

Lunar Based Space Based

O0

68

87

78

.12

.40

.46

2.52

3.92

2.13

3.06

4.10

4.96

2.63

.70

17.58

3.10

43.56

1936.84

377.26

52.79

- 12.54

12.54

43.56

2516.8798.76 2418.11

(: ( (
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Table G--41. LRU Manufacturing Facility Costs

9
¢,O

Unadjusted Equipment

Cost (Ref. Table 5-44)

Plus:

Hardware Accessories (20%)
Subtotal

ProgTam Level Costs (30%)

Total Production Cost

Plus Development:

Allowance for Design Change (100%)

System Level Costs (40%)

Total Development

& Production Cost

Annual Operations

Cost (millions S/year)

Option C
Lunar Based

98.76

19. 75

118. 51

35.55

154.06

98. 76

39.50

292.32

4.74

qrC_)tion D

Space Based

2418.11

483.62

2901.73

870.52

3772.25

2418.11

967.24

Option
Lunar Based

12.54

2.51

15. O5

4.52

19. 57

Space Based

2516.87

7449.93

120.81116.07 .6O

2516.87

1006.75

7157.60 37.13

12.54

5.02

B

3926.31

503.37

3020.24

906.07



G. 6 POWER STATIONS

Two types of power stations are used for the LRU options: nuclear and photovoltaic.

The nuclear system is shown in Figure 4-32 and the GEO-based photovoltaic system

is shown in Figure 4-33. An alternate photovoltaic system is lunar-based rather

than GEO-based. Due to the similarity of the photovoltaic configurations, costs

can be determined by the same methods.

G. 6.1 Photovoltaic Power

The photovoltaic power stations are similar in configuration to the solar power satellite.

The similarity of the systems allows power station costs to be estimated based on the

Earth Baseline SPS costs. In the JSC briefing "A Recommended Preliminary Baseline

Concept," dated January 25, 1978, the following data are obtained:

Satellite RDT&E Cost

Satellite First Unit Cost

Power Output

Satellite Weight

$6.27 billion

12.829 billion

17 GW (approximate transmitted power)

97.49 x 106 Kg

Due to the similarity of the power station subsystems to the SPS, a 50 percent common-

ality factor will be assumed for development. Assuming an exponential relationship

between cost and power output, development cost of the solar power station can be

expressed asfolloWS:c= . 5(6270) (17-_) °5

= 24.04 P" 5 (millions of 1977 dollars)

where: P = power station output (megawatts)

The scaling relationship for first unit cost is:
p .67

C=12829 (17000/

= 18.78 P" 67 (millions of 1977 dollars)

-, f
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For production of several power stations a 90% learning curve will be applied.

level costs for production are assumed to be 20 percent of the hardware cost.

cost can be expressed as follows-

C=1.2 [18.78P .67] N .848

= 22.54 P" 67 N" 848 (millions of 1977 dollars)

where: P = Solar power station power output (megawatts)

N = Number of Solar power stations

Program

Production

Operations costs are estimated at 4% of production cost per year.

G. 6.2 Nuclear Power

The nuclear power system concept is shown in Figure 4-32. Basis for the estimate is

the 120 KW e Nuclear Brayton Power Module described in Space Station Systems Analysis

Study, SCB Alternate EPS Evaluation, MDAC Report No. G6959, Aug. 1977. System

costs for the Brayton cycle power module are shown in Figure G-51 of Section G. 7.

Instead of 120 KW e power sources, it will be assumed that 1000 KWe nuclear power

sources will be developed and a number of these will be used to satisfy power require-

ments. Scaling relationships will be used to estimate development and first unit costs

from the MDAC data.

Development cost for a 120 I_V e system is $189 million (1977 dollars).

1000 KW e system is twice as complex, cost can be computed as follows:

(looo).5Development Cost = 189 \-_ x 2

= $1091 million (1977 dollars)

Assuming a

In addition to the basic system, a conversion and distribution system must be developed

which carries the power to the required locations. This is assumed to be an additional

20 percent for a total development cost of $1309 million.
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From Figure G-51 , production cost for four units is 19.8 million (1977dollars).

Assuming a 90percent learning curve was used the first unit cost is:

19.8

TFU Cost (120 KW e System) = 4" 848 = 6.1 million (1977 dollars)

Scaling the above first unit cost up to a 1000 k'_ e system we obtain:

/ 1000 .67
TFU Cost (3.000 KW e System)= 6.1 _1"[-'/'0-]

= 25.3 million (1977 dollars)

m

An additional 10% will be allowed for the conversion and distribution system, giving

a total first unit cost of $27.8 million.

The above first unit cost is for a 1000 tGVe system. For larger systems the 1000 KW e

elements can be ganged together to reach the required power level. It is assumed that

the cost of additional units follow a 90 percent learning curve and production cost can

be expressed as follows:

848
C = 27.8 N" (millions of 1977 dollars)

where: N = Number of 1000 KW e elements

Operations costs include the cost of spares, maintenance, fuel (U 238) and labor to

operate the facility. Operating labor and maintenance will be included under the

(:bnstruction/Maintenance Crew elements. An allowance will be made for maintenance

which includes earth activities in support of the maintenance function. Costs are as

follows:

Spares
Maintenance

Fuel

Annual Cost

1% (Production Cost)

3% (Production Cost)

.5% (Production Cost)

4.5% (Production Cost)
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Table G-42. Propellant Depot Facility Cost Estimate.

(Millions of 1977 $)

St ructu re

Avlonlcs/Softwa re

Solar Array

Electrical Power System

Fluid System/Plumbing

Rellqui flera

Radiators

RCS System

Subtotal

Floating Items

Initial Spa res

Initial T ransportation

Total

5 M lb Capacity

Size Doe Protl

15 Kib

500 lb

2
33.3 m

1000 lb

1500 lb

2200 lb

300 Ib

400 lb

11.31

20.92

5.35

4.55

13.95

.46

5.61

62.15

23.62

85.77

• 05

2.23

• 01

.81

2.82

5.72

.17

2.24

14.05

4.78

2.11

.18

21.12

40 M lb Capacity

Dee Prod

18.46 .10

26.15 2.79

- .02

15.13 3.24

7.42 5.43

22.86 11.09

Size

40 K Ib

025 lb

266 m 2

8000 lb

4O00 lb

6000 lb

800 lb

640 lb

.75

7.35

98.12

37.29

135.41

.32

4.09

Orbital Propellant Handling and Storage Systems for Large Spac e Systems,

Vol. 2, GDC Rpt. CASD-ASP-78-001 (JSC-13967), April 1978.

27.08

9.12

4.06

• 51

40.77

O

_0
_0

1-,1

t_
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>

>

>

o
0
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Table G-43. Tanker Module Cost Esti_tes.

|klilliqm.q of 1.q'77 $)

l"o.q!F:h.ment

"r ankq:r _l(_hlio

,_4 I'111"|IIf1_

I.I1' 2 Tnnk

1.0 2 l"ank

W |el q,r TIlllk

"1oqdI_01', _.'_1i'ql_,hlFi,)

•rooliuq,, (l'm_)

i h_tlnv, Ilem._

(;r,.uml Tc, sL Unlls

IaslIIRI .filpnre s

Tolal

Re[. :

! kU,II O/11 "fanl_er

.......... I .......

- 54.21 I -

12giTD3 Ib - .97

t4.r_F,?Ih. - .1.70

5fi_'i' Ib - . '/4

- IZ. la; I

- 7.48

- 28.06

- 23.47

_ _ ,111

i 125.38 6.22

2 hil,ll ()/li "l'a:d;er

-,,.,,-'-

!

:I,;7S0 lh I - 1. el7

n

Ir_IG.Slh| - 5.19

11156 lid - I.I0

30.41

12. H9 -

49.4.1 -

46. 30 -

- 2.07

I ...............

22.S. Ill 10.23

Orbital Propellant tlandltng ,and Storage Systems for I_arge Space Systems,

Vol. 2, GDC Rpt. CASD-ASP-78-001 (JSC-13967), April 1978.

2 MI,II Wulc¢ Tanker

Wel_hl I)vv Unil

I .%00O

44,10

14.07

22.14

7.2fi

67. g;G

I • 93

• :14

2.27
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Table G-44. Propellant ,_ _,:Jt Sizing - Option B.

¢_

¢_

Depot

l_catlon

I.EO

Tons P/L _ . Total Prop Oxid Fuel

Use Mission Per SPS kgP/L (Tons/Yr) (Note 3) (Note 3)

COTV 2 LEO• I,LO 236 .3168 74.765 73.576 1.189

COTV 3 I_O • SMF 13153 .2912 3830. 154 3769.254 60.899

Metric Tons/Trip

Trips/Yr Oxidizer Fuel

2 36.788 o. 594

2 1884.627 30.456

GEO

SMF

LID

POTV 1 LEO • GEO 85 2.2 187 163.625 23,375

POTV 2 LEO • SM F 1073 2.1 2253.3 1971. 638 281. 663

POTV 3 LEO • I,LO 38 1.87 71.4)6 62. 178 8. 883

6416. 979 6040. 271 376. 009

POTV 1 GEO • LEO
85 ° 2.2 187 163.625 23.375

COTV 3 SMF • LEO 6591 .2912 1919.299 1888. 782 30. 517

COTV 4 SMF b GEO 98596 .06 5915.76 5821. 699 94. 061

POTV 2 SMF I- LEO 1073 2, 1 2253.3 1971. 638 281. 663

"IT SMF• L 2 10, O00_ 168,722 .0248 4432.306 3878.267 554.038

14520.665 13560.386 960.279

rOTV 3 LLO• LEO 38(_ !.87 7i.06 62.178 s.883

PLTV LI£) _ Moon 38 '_) !. 52 57.76 50.540 7.220

(Round Trip) 128.82 112.718 16.103

NOTES:

1 POTV P/I, wt. calculated by assuming 65060# wt for 75 people or 866.67#/Person (. 393 metric tons/pcrson_.

2 Assume same wt/person for PLTV as I_TV.

3 COTV propellants are 1.59_, LII 2, 98.41t_, If) 2. POTV m_d "l_r propellants are ! 2.5t_ 1,1t 2, 87.5°_. l_r) 2

6 27. 271 3. 896

38 51. 885 7.412

2 31. 089 4. 441

2031. 660 46. 743

rain capaclW--_ 2078. 453 metric tons

"6

rain capacity-

2

3

38

2

rain capaciW

2

2

rain capacity

27. 271 3. 896

• 31. 167 metric tons

944.391 15.258

1940.566 31.35

51.885 7.412

1939.134 277.019

4875.976 331.039

• 5207.015metric tons

31.089 4.441

25,270 3.610

56.359 8.051

...... • 64.410metric tons



Table C--47. Modular Space Station Weights.

Module Dry Weight (lbs)

Initial Core 20944

Power 22262

Station Module 1 18855

2 16705

3 16245

4 18302

5 15676

Station Module 6 14820

Growth Core 10283

Cargo Module 10940

Solar Flare Shielding 54243

Total 219,275

Total W/O Shielding 165,032

(99.4 metric tons)

(74.8 metric tons)

Notes: (1) Power Module weight includes 9702 lbs for solar array

(2) Solar Flare Shielding estimate taken from page 4-111
in Section 4.5.2.

(3) Station is for 12 man crew. Weight to man ratio is 8.3

with shielding and 6.2 metric tons/man without shielding

Ref: Modular Space Station, Phase B Extension, Rockwell Report

Nos. SD71-_226--1 and-2, Jan. 1972.
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Table G-48.

Cost Element

Initial Core

Power Module

Station Module 1

2

3

4

5

Station Module 6

Growth Core _

Cargo Module

Mission Ops

Spares

Programmatic

Modular Space Station Costs.

•Development Production
Mils

725

219.7

172.3

250.7

108.7

48.7

60.4

34.6

10.7

51.1

51.5

585.2

Mils

77 $

Mils

72 $

38.0

113.7

38.3

15.4

15.1

36.1

25.3

12.7

19.3

29, 9

74.2

Mils

77 $

Operations
Mils Mils

72$ 77 $

52.9 (refurb)

201.3

24.5

82.5

Subtotal

Solar Flare Shteldin

Total

1593.9 2247.4

54.2

2301.6

418.0 589.4

5.4

594.8

361, 2 509.3

509.3

Notes: (1) Adjustments to 1977 dollars made using GNP price deflator;

multiplier is 1.41

(2) Costs for the aluminum solar flare shielding based on the

assumptions that Development Cost is $1000/lb and Production

is $100/lb.

(3) Operations costs are for a 15 year period.

Ref: Modular Space Station, Phase B Extension, Rockwell Report Nos.

SD71-226-1 &-2, Jan. 1972.
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Table G-49. Rockwell Study- Lunar Base Cost Data.

(Millions of 1970 Dollars)

Crew and medical module

Crew and operations module

Sortie and transient module

Lab and backup command module

Assembly and recreation module

Base maintenance module

Drive-in garage module

Drive-in warehouse module

Mobile cargo modules

Deep drill cover module

Support operations equipment module

Observatory shell modules

Mobility equipment transport modules

Ground support equipment

Systems test hardware

Launch support operations
Facilities

Logistics and training equipment

System engineering support

Project management

Total

Nonrecurring

63.1

48.5

25.0

40.3

23.0

13.1

9,6

8.0

5.8

7.1

98.4

2.7

0.3

40.2

140.4

42.2

12.0

32.2

32.2

$644.1

Recurring

14.8

25.6

17,1

23.7

11.0

7.1

4.3

4.6

10.1

4.3

56.3

5.4

16.1

2.8

13.9

5.3

4.5

5.0

$231.9 I

Total

77.9

74.1

42.1

64.0

34.0

20.2

13.9

12.6

15.9

11.4

154.7

8.1

16.4

43.0

140.4

13.9

42.2

17.3

36.7

37.2

_876, 0

%2

Ref. : Lunar Base Synthesis Study, Vol. rv, Cost and Resource Estimates,

North American Rockwell, Rpt. SD71-477-4, May 1971, page 7-5.
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Table C_.50

9
O

SPS SYSTEMSDEFINIT]ON STATUSREPORT
TRANSPORTATION SYSTEMS

II. P. DAvIs J 1/25/78

SPS TRANSPORTATION REQUIREMENTS

VEHICLE

PLV 1ST STAGE

PLV 2ND STAGE

POTV - BOTH STAGES

HLLV 1ST STAGE

HLLV 2ND STAGE

COTV--' LARGE PANELS

COTV-'--' SMALL PANELS

NOTES:

FLIGHT/YEAR

36 (2)

36 (2)

5(2)

391 (1)

391 (1)

8(3)

24 (3)

FLEET .SIZE

2(5)

2(5)

2

6(4)

6(4)

8

24

(i) PLUS 61 FLTS IST YEAR TO DELIVER LEO & GEO CONST. BASES

(2) 480 PEOPLE IN .LEO, 60 PEOPLE IN GEO, 90 DAY STAY TIME,
807° LOAD FACTOR

(3) ASSUMED SINGLE FLIGHT/UNIT

(4) 4 DAY TURNAROUND, 25°/.SPARES

(5) 14 DAY TURNAROUND, 40°/o SPARES

I PROPELLANTREQUIREMENTS
METRIC TONS

0 2 '44,000

CH 4 12,500

02 17,000

H 2 2,850

02 2,160

H 2 360

02 2.0 X 106

Ctl4 670,000

-02 81"'2,'000

H2 133,000

AR " 11,800

02 5,040
1-12 U40

AR'

02

H2

TOTALS: 02

13,000
5,400

9O0

3XlO 6

112

CH4
AR

_140,000

__700,000

-- 25 000



Figure G-51

SOLAR AND REACTOR BRAYTON SYSTEM COSTS

10 YR PROGRAM COSTS IN MILLIONS OF DOLLARS ('78)

.(:::

DDT&E

POWER MODULE

INTEGRATIONPACKAGE

SUBTOTAL

PRODUCTION

POWER MODULES (4)

INTEGRATION PACKAGE

SUBTOTAL

OPERATIONS (10 YEARS)

INITIAL LAUNCH (2)

SUPPORT LAUNCHES (2.1)

SPARES AND REPLACEMENT HARDWARE

RCS PROPELLANT COST

SUBTOTAL

TOTAL

PROBABLE UPPER BOUND*

*BASED ON HISTORICAL AND RISK ASSESSMENT

SOLAr{
BRAYTON

103

14

117

8

2

10

40

42

5

18

105

232

348

REACTOR
BRAYTON

179

21

200

18

3

21

46

42

5

9

9,6

317

634

Sourc e -" Space Station Systems Analysis Study,

SCB Alternate EPS Evaluation, Task 10

MDAC Report No. MDC G6959, August 1977



APPENDIX H

Supplementary notes to LRU oncept cost tables in Section 5.3. I.

This appendix is divided into 3 sections:

H. 1

Ho2

H. 3

Notes to Table 5-5, "LRU Option B Life Cycle Cost" - Pages H-1 through H-16

Notes to _able 5-6, "LRU Option C Life Cycle Cost" - Pages H-17 through H-31

Notes to Table 5-7, "LRU Option D Life Cycle Cost" - Pages H-32 through H-44

\ •

H



,,,,j



i
H. 1 NOTES TO TABLE 5.5, page 5- 18 of Volume II

NOTE 1.1

Nuclear Brayton Power Station with a 50 MWe capacity.

From Section G. 6.2, costs are as follows:

Development

Production - 27.8(50)" 848

$1309

766.958

$2075. 958 million

NOTE 1.2

There are two lunar based habitats. One is a 48 person habitat for small crews

as discussed in Section G. 2.4 (Ref. Fig. G-6 for Scaling Relations). The

second is a 12 person Temporary Shelter as discussed in Section G. 2.3

(Ref. Fig. G-5 for Scaling Relations). Costs for Development and Production

are:

Small Habitat: 205.3(48)" 5 + 38.7(48)" 67 =

Temporary Shelter: 306.9(12) ° 5+ 37.6(12)' 67 =

$1840. 137

$1261.852

$3201. 989 million

NOTE 1.3
i f

Beneflciation Equipment weight is 9 tons, or 19,845 Ibs.

Costs can be determined from Section G. 5.2.

Development: I.546(19845)" 187

Production: .007(19845)" 667

= $ 9,837

-- 5.148

$14.985 million

NOTE 1.4

There will be a temporary requirement for propellant storage on the lunar surface

during startup. Tanks with capacities of 7.5 tons for LH 2 and 52.5 tons for LO 2

H-1



are required for the POTV.

used:

IX)2 tank

LH 2 tank

Assume standard tanks from Section G. I.6

i.526

6.768

$8. 294 million

are k.s

NOTE 2.1

Photovoltaic Power Station with a capacity of 650MW and mass of 5030 metric

tons. Using the relations in Section G, 6.1 the following costs are obtained

Development: 24.04(650)" 5 = 612. 902

Production: 22.54(650)" 67 = 1728. 247

$2341. 149 million

NOTE 2.2

LEO Modular Space Station- 75 person crew.

.5
Deve lopment: 665.1 (75)

.67
Production: 112.7 (75)

From Figure C-3 costs are:

= 5759. 935

= 2033.363

$7793.298 million

NOTE 2.3

GEO Modular Space Station with 36 person capacity and solar flare shelter.

can be determined from Fig. G-4:

Development: 647.0(36)" 5 + 255.1 = 4137.1

67
Production: 111.1(36)" + 33.8 = 1259.6

$5396.7 million

Costs

NOTE 2.4

LLO Temporary Shelter with 12 person capacity. Development costs are included

under lunar based habitats (Ref. Note 1.2). From Fig. G-5:
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Production Cost = 37.6 (12)" 67

=$198.719 million

NOTE 2.5

2:1 Resonance Orbit SMF Habitat with 1365 person capacity.

Costs can be determined from Fig. G-8 .

5
Development: 446.6(1365)" + .120(1365)

Production: 67.4(1365)" 67 +. 012(1365)

= 16,626. 896

= 8 r 512. 072

$25,138. 968 million

NOTE 2.6 o

Space Based Beneficiation Equipment weight is 18 tons, or 39,690 lbs.

Costs can be determined from Section G. 5.2.

Development: 1. 546(39690)" 187

Production: .007(39690)" 667

= 11.199

= 8.174

$19.373 million

NOTE 2.7

Processing Facility weight is 8275 tons per Table

are contained in Section Go 5.3.

Development: i3.450(8275)" 5 =

Production: 5.756 (8275)" 67 =

G-31. Scaling relationships

1223. 507

2426. 752

$3650. 259 million

NOTE 2.8

Liquefaction Facility weight is 64 metric tons, excluding power supply.

required is 2.32 MW.

in G. 5.4.

Development:

Production:

Power

Costs can be determined from the scaling relationships

11.628(64) "5 + 24.04(2.32} "5 = 129.641

4.785(64)'67+ 22.54(2..32) .67 - 117.241

$246. 882 million
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NOTE 3.1

This is the cost to operate the vehicles during facility construction and includes

spares,maintenance and propellants, Startup period is 3 years. During this time

a gradual buildup of the vehicle fleet occurs. Assume an average maintenance

period of 1 1/2 years, instead of 3 years to account for the buildup. Cost of

spares and maintenance is calculated below.

SDV

COTV

POTV

PLTV

(Ref, Note 6.2):

(Ref. Note 12.2):

(Refi Note 12.2):

$8. 571 million/fit x 615 fits

(84.194 + 253.090) 1.5 years

(6.754 + 20.251) 1.5 years

(Ref. Notes 9.2 & 9.3): (2.04 + . 68) 1.5 years

Mass Driver (Ref. Notes 9.2 & 9.3): (8.073 + 2.691) 1.5

Mass Catcher (Ref Note 12.2): (11. 574 + 34. 722) 1.5

= $5271.165

= 505. 926

= 40.508

= 4. 080

16.146

69.444

$5907,269 million

User charges for the space shuttle are calculated at $20 million per flight and 42

fli ghts are required for startup. Total cost is 42 x 20 = $840 million,

Total propellant requirements for startup were presented in Section 4.8 for space

vehicles. SDV propellant requirements per flight are provided in Table G-9.

The following Table summarizes total propellant requirements for startup operations.
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All propellants for startup are assumedto be earth supplied and the cost per

pound as shown in Table G--9 applies.

Total Propellant for Startup (Millions of Pounds)

User L__OO2 L__H2

SDV 4752.7 27.1

COTV 56.0 .9

POTV/PLTV 12.4 I. 8

Catcher 3.5 .3

Total 4824.6 30.1

$/lb .021 .54

Total Cost 101. 317 16.254

(millions $)

Total transportation cost is the sum of the above elements:

+ 101.317 + 16.254 + 439.930 = ._7304.770 million.

1188.8

1188.8

.37

439. 856

5907.269 + 840

NOTE 3.2

Initial Depot Propellant Supply is pro_,-lded in Section 4.8.

LO2: 3349 tons × 2205 × $. 021/lb = $ . 155 million

LH2: 1195 tons x 2205 × $. 54/lb =_1.423 million

$1. 578 million

Costs are:

NOTE 3.3

Construction/Maintenance Crews during facility activation average approximately

800 persons. At a cost of $. 120 million/man year total cosi for the 3 year period

is: 3 ×. 120 × 800 = $288 million.
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NOTE 3.4

Operations cost for the SDV launch/recovery facilities is $22. 662 million/year

(Ref. Note 5.3). Total for 3 years is $67.986 million.

NOTE 3.5

Annual cost of lunar based operations is $78. 866 million (1/30 of cost element

C(2220) ). For the 3 year activation period assume the average annual cost is

half the steady state value, or $39.433 million. Operations cost for the facility

activation period is: 3 x 39. 433 = $118. 299 million.

NOTE 3.6

Annual cost of space based operations is $1008.067 million (1/30 of cost element

C(2320) ). For the 3 year activation period assume an average annual cost of half

the steady state value or $504.034 million, Operations cost for the facility

activation period is: 3 × 504. 034 = $1512. 102 million.

Each POTV has a 50 flight life.

Startup Operations

Steady State:

Total

NOTE 4.1

Total flights are as follows:

POTV 1 - 6 × 30

POTV 2- 38x 30

I_TV 3 - 2 x 30

5O

180

1140

6O

1430 flights

Number of vehicles required: 1430/50 = 28.6 _29. Need 11 vehicles for startup

operations for safety reasons. The remaining 18 will be manufactured during the

SPS production phase. Costs can be determined from the relationships in

Section G.3.8.
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Vehicle Development:

Total Production: 29.24(29)" 848

Initial Production: 11/29 (508.266) o

Replacement Vehicles: 18/29 (508. 266)

$380 million

= 508. 266 million

= $192. 791 million

= $315.475 million

Each operating POTV requires passenger and crew modules. A totalof 11 are

required and will be fabricated during initialproduction. No replacements are

assumed.

Development:

Costs can be obtained from Section

Pas senger Module

Crew Module

Production:

passenger module: 13(11)"

Crew Module: 24(11)" 848

848

G.3.5.

287

524

$811 million

99. 322

183. 363

$282. 685 million

Total costs are as follows:

Development:

Vehicle

Module

Initial Production:

Vehicle

Module

Replacement Vehicles:

Production

380

811

$1191 million

192. 791

282.685

$475.476 million

$315.475 million
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NOTE 4.2

Each COTV has a 50 flightlife,but the number required over the program lifeis

based on the annual launch requirements during steady state. The trip/year

constraint applies since each COTV can only make I trip/year. From Table

4-39 the fllghts/year and thus the totalnumber of vehicles required is:

COTV 2 2

COTV 3 2

COTV 4 3

All vehicles will be manufactured during the initialproduction phase. Table G-13

provides the following costs:

Development: $636.94 million

Initial Production: $8705.24 million

NOTE 4.3

Each SDV has a 500 flight life. The following launch and vehicle requirements exist:

Startup period: 615 flights_500 = 1.23

Steady State: (68 x 30)/500 = 4.08

5.31_ 6
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Four SDV's will be required for startup in order to accomplish startup within a

3 year period. The remaining two will be replacements, manufactured during

the SPS production phase. Costs were discussed in Section G.3.6 and are

shown below:

Development :

Booster

Cargo Pod

Reusable Hardware Production (90% learning):

Booster 1.3 (364.72) (6)" 848

848
Cargo Pod 1, 3 (103.44) (6)"

Total

Initial Production (4/6):

Replacement (2/6):

$5311.50

 152o.64

$6832. 14 million

The cargo pod shroud and external tanks are expendable and

of these elements will be required.

Expendable Hardware Production (85% learning):

1.3 (18) (2655)" 766 = $9818.59 million

Assume 650 shipsets will be fabricated during initial production and the remaining

2005 are made during SPS production:

Initial Production: (650/2655) 9818.59 = $2403.80 million

Replacement: (2005/2655) 9818.59 = $7414.79 million

= 2166.58

= 614.47

$2781.05 million

$1854.03

927.02

a total of 2655 shipsets

NOTE 4.4

Two mass catchers are required. From Section

merit cost is $677. 919 million; Production cost is:

G. 3.13, Table G-2,_ Develop--

848
694.453 (2)" = $1250. 018 million.

NOTE 5.1

A total of 10.4% of the SPS mass must be earth supplied. This amounts to 10232

metric tons per satellite. Approximately half of this material is complex avionics
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equipment and half is miscellaneous material which is not obtainable on the moon

or not desirable to manufacture on the lunar surface. Thesematerials are not

well enoughdefined for detailed estimates so a general electronics type CERwill

be used to provide a single estimate for the entire amount: TFU cost =. 021W"667

This CER is from Shuttle System Payload Data Activity, GDC Report PDS-CO-015,

Sept. 1974. First Unit Cost, including 10% for Program Level Costs, is:

• 667
TFU = . 021 (22,561,560) × 1.1

= $1686.229 million × 1.1

= $1854.852 million

Production costs, using a 90% learning curve and 30% for Program Level Costs are:

848
Production Cost = 1854.852(30)" × 1.3

= $43,137. 149 million

NOTE 5.2

Production costs of earth rectenna are identical to the SPS earth baseline and are

$133.38 billion•

NOTE 5.3

From Table G-30 in Section G. 4 , annual maintenance cost of the Launch/Recovery

Facilities is $22. 662 million, Total for 30 years is 30 x 22.662 = $679.86 million.

Launch/Recovery Operations costs aI:e included in the SDV operations cost on a per

flight basis and will not be included here.

NOTE 6.1

All transportation charges for Earth Based Fab/Assy refer to the operations cost

of the SDV and Space Shuttle. Vehicle Replacement cost for the SDV was calculated

in Note 4.3 and the total is:
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Reusable Hardware

Expendable Hardware

$ 927.02

$7414.79

$8341.81 million

NOTE 6.2

From Section G. 3.6, cost per flight for spaces and maintenance is $8. 571

million/flight for the SDV.

68 flights/year x 20 years × 8. 571 = $17484.84 million

NOTE 6.3

From Section G. 3.6, propellant costs are $. 901 million per SDV flight.

68 flights/year × 30 years ×. 901 = $1838.040 million

NOTE 6.4

From Section G. 3.7, cost per Shuttle flight is $20 million.

41 flights/year x 30 years x 20 = $24,600 million

NOT]£ 7.1

Number of people assigned to lunar base during steady state operations is 48.

Assuming a rate of $. 120 million per man year, the cost is:

48 x. 120 x 30 = $172.800 million

NOTE 8.1

Spares, fuel and maintenance costs of the nuclear power station are 4.5% of

production cost per year (Ref. Section G. 6.2)• From Note 1.1, production

cost is $766.958 million. Total cost is:

• 045 × 766.958 x 30 years = $1035.393 million
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NOTE 8.2

From Section G. 2.7 annual habitat operations cost is 5.8% of production cost/

year. From Note 1.2 production costs are 38.7 (48)" 67 + 37.6 (12)" 67

= $716.496 million. Total operations cost is:

.058 x 716.496 x 30 years $1246.703 million

V

NOTE 8.3

From Section G. 5.2, beneficiation equipment annual cost is 4% (Production Cost}.

Using the production cost from Note 1.3 total cost is; . 04(5. 148} x 30 years

= $6. 178 million.

NOTE 8.4

Table G-41 Section G.5.5 provides the lunar based manufacturing operations cost

as S. 60 million per year. Total cost is: 30 years x. 60 = $18 million.

NOTE 9.1

Transportation charges for Lunar Based Fab/Assy refer to the PLTV and mass

driver. The PLTV fleet and mass driver are fabricated during initial production

and no replacement vehicles are required.

V

NOTE 9.2

From Section G. 3.11, annual maintenance cost for the PLTV is $1.02 million/

year/vehicle. For a fleet size of two annual cost is $2.04 million. From Section

G. 3.14 annual maintenance cost of the mass driver catapult is $8. 073 million.

Total operating cost for the 30 year period is- 30(204 + 8.073) = $303.39 million.
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NOTE 9.3

Annual cost for PLTV spares, from Section G. 3. II is $. 34 million/year/vehicle.

For a fleet size of two, annual cost is $.68 million. From Section G. 3.14 mass

driver spares cost is $2.691 million/year. Total cost for spares for the 30 year

period is: 30 (.68 + 2.691) = $101,130 million.

NOTE 9.4

Per Section G. 3.11, propellant cost per PLTV flight is $6118.

30 years is:

30 years x 2 flts/yr × $. 006 = $. 36 million

Total cost for

° NOTE 10. i

There are 136S people stationed in the 2:1 Resonance Orbit and 36 in GEO.

a rate of $. 120 million/man year, total cost is:

1401 x. 120 x 30 years = $5043.6 million

Using

From Section

year.

is

NOTE 11.1

G. 6.1, power station operations cost is 4% of production cost per

Production cost is $1728.247 million (Ref. Note 2.1)° Total operating cost

• 04 (1728.247) × 30 years = $2073.896 million

NOTE II. 2

Habitat operations costs, from Section G.2. 7, is S. 8% of hardware cost per year

(excluding the cos t of lunar shielding). Costs were calculated as follows:

Habitat

LEO

GEO

Production Cost

$2033.363

(ReL Note 2.2)

30 Yr. Operations Cost

$3838. 082 million

$1239.6 (Ref Note 2.3)

less $1.4 for shielding

= $1258.2

$2189.268 million
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Habitat Production Cost

LLO $198. 719

(Ref. Note 2.4)

SMF 67.4 (1365)" 67

= $8495.69

(Ref. Sec. G.2.6)

Total Space Habitat Operations

30 Yr. Operations Cost

$345.771 million

$14,782. 501 million

$20,855.592 million

NOTE 11.3

From Table G-41 in Section G. 5.5 annual operations cost of the space based

manufacturing facility is $120.81 million/year. For 30 years the cost is:

30 × 120.81 = $3624.30 million

NOTE 11.4

Annual operations cost for the propellant depots is $20.839 million/year (Ref.

Section G. 1 ). For 30 years the cost is:

30 × 20• 839 = $625.170 million

NOTE 11.5

From Section G. 5.2 annual cost is 4% of production. Note 2.6 shows space

based Beneficiation equipment production cost as $8.174 million. Total operations

cost is:

• 04 (8. 174) x 30 years = $9.809 million

NOTE 11.6

From Section G. 5.3, annual operating cost is 4% of production cost per year.

Note 2.7 provides processing facility production cost. Total operating cost for

30 years is:

• 04(2426. 752) × 30 ,= $2912• 102 million
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Note 2. 7 provides processing facility production cost.

30years is:

• 04(2426.752)× 30

From Section

ment is:

• 04(117.241) × 30 years

Total operating cost for

= $2912.102 million

NOTE 11.7

G. 5.4 and Note 2. 8 total operations cost for the liquifaction equip-

NOTE 11.8

= $140• 689 million

The LRU options require only one satellite construction facility in GEO, compared

with two in the earth baseline.

construction facility as follows:

Facility

Construction Equip

Supply/Refurbishment

Total Cost =. 597 x 30 = $17• 910 billion

Figure F-8,gives annual costs to maintain the GEO

•159

° 247

.191

$° 597 billion/yr

NOTE 12.1

Transportation costs under Space Based Fab/Assy refer to the cost of operating

the COTV's, POTV's and Mass Catcher• Vehicle replacement cost was pre-

viously calculated in the Notes 4.1 and 4.2. No Mass C_tcher replacements are

required• Total is $315.47S million•

NOTE 12.2

COTV operating costs are shown in Section

costs are as follows:

Steady State

fits/year

COTV_ 2
COTV 2 2

COTV 3 3

Total _nnual Cost

G. 3.9, Table G-16. Operations

Propellant cost Fleet Cost/year

per fli_ht Propellants Spares Maintenance

• 008 ,010 2. 746 8.746

.132 .264 21. 400 64. 200

o 077 .231 60.048 180.144

•505 84. 194 283.090
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POTV operations costs are the costs of maintaining not only the POTV in operating con-

dltion, but the passenger and crew modules as well. Fleet size is 11 vehicles and

a totalof 46 flightsper year are required. Sections G. 3.5 and G. 3.8 provide

the follov_ng operations costs:

Spares:

Maintenance:

Propellant:

• 13 +. 24 +. 244 = $. 614 million/year/vehicle

.39 +. 72 +. 731 = $1.841 million/year/vehicle

$. 012/fit

%.M

Total annual costs for the 11 vehicle POTV fleet are:

Spares: $. 614 × 11 = $6.754 million

Maintenance: $1.841 × 11 = $20. 251 million

Propellant: $. 012 × 46 flts/yr = $. 552 million

Section

for the two vehicle fleet are:

Spares: 2($5.785) = $11. 574 million

Maintenance: 2 _17• 361) = $34.722 million

Propellant: 2 flts/yr × $• 953 = $1. 906 million

Go 3.13 provides operations costs for the Mass Catcher. Annual costs

Total operating costs for the COTV, POTV and Mass Catcher over a 30 year period
o

are summarized below:

Spares Maintenance Propellant
COTV 84. 194 253. 090 .505

POTV 6.754 20. 251 .552

Mass Catcher 11.574 34.722 1. 906

Total Annual Cost 102• 522 308• 063 2,963
(millions $)

Total 30 yr. Cost 3075.660 9241. 890 88, 890
(millions $)
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H. 2 NOTES TO TABLE 5-6, Page 5-22 of Volume II

NOTE I.1

Nuclear Brayton Power Station with a 600 MW
e

costs are as follows:

Development $1309

Production 27.8 (600)" 848 $6308

capacity from Section

$7617 million

G. 6.2

NOTE 1.2

Large Lunar Base Habitat with 400 person capacity. Using the relations from

Section G. 2.8 the cost of development and production is:

C = 220.1 (400)" 5 + 42.5 (400)" 67

= $6755.798 million

NOTE i. 3

Beneflciafion Equipment weight is 27 tons, or 59535 lbs. CER's are contained

in Section G. 5.2.

Development

Production

1. 546(59535)" 187

. 007(59535)" 667

= $12.08 million

= Io.71

$22.79 million

NOTE I.4

Liquefaction plant weight, excluding propellant storage tanks, is 486 tons.

Using the scaling relations from Section G. 5.4 the following costs are

obtained:
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Development

Production

ii. 628 (486)" 5

.67
4. 785 (486)

256.344

301.945

$ 558. 289 million

NOTE 2.1

Photovoltaic Power Station in GEO with a capacity of

2,015 metric tons.

are obtained:

5
Development 24. 04 (260)"

Production: 22.54 (260)" 67(1)

260 _ and mass of

Using the relations in Section G. 6.1 the following costs

= 387.633

= 935. 375

$1323. 009 million

NOTE 2. 2

LEO Modular Space Station with a 75 person crew size.

from Figure G-3.

Development 665.1 (75) "5

67
Production 112.7 (75)"

Costs can be determined

= 5759.935

= 2033.363

$7793.298million

NOTE 2.3

GEO SMF Habatat with a 1165 person capacity.

Figure G-8.
.5

Development 445.6(1165)

Production 67.4 (1165)" 67

Costs can be determined from

+. 120(1165) = 15,349. 062

+. 012(1165) = 7,654. 066

$23,003.128million
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NOTE 2.4

LLO Temporary Shelter with a 12 person capacity.

from Figure G-5.

Development 306.9 (12) "5

Production 37.6 (12)" 67

Costs can be determined

= 1063.133

= 198.719

1261.852million

NOTE 3.1

Transportation costs during the activation of LRU facilities consist of spares,

maintenance and propellant costs. This is the cost to operate the vehicles

during facility construction.

The following table summarizes total prq_ ellant requirements and for

startup operations. Propellant costs are based on the rates shown in Section

G. 3.6.

Total Propellant for Startup _Iilllons of Pounds)

User IX) 2 LH 2 C3H8

SDV 6893.4 39.2 1724. 2

COTV 72.8 1.2 --

POTV/LTV 58.1 8.3 --

7024.3 48.7 1724.2

Total Cost $147.5 $26.3 $638.0

(Niillions $)

Maintenance and spares costs for the vehicles are shown below.

maintenance period assumaed to be 1 1/2 years.

Average

E_
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SDV: 8. 571 million/flight × 892 fits (startup) = $7645.332 million

COTV: (1Ref Note 12.2) (160. 366 + 481. 098) 1.5 years --- $ 962. 196 million

I_TV: (Ref Note 12.2) (6.754 + 20. 251) 1.5 years = $ 40, 508 million

LTV: (Ref Note 9.2) (1. 974 + 5. 929) 1.5 years - $ 11,855 million

%J

User charges for the space shuttle are calculated at $20 million per flight. For

the 80 flights during startup total cost is $1600 million.

Total transportation cost is the sum of the above elements- _11, 071. 691 million

NOTE 3.2

Initial propellant supply for the propellant depots is as follows:

IX) 2 11.7 million lbs × $. 021/lb = $ • 246 million

LH 2 16.8 million lbs × $ . 54/lb = $9.072 million

$9.318 million

r

NOTE 3.3

Construction/maintenance crews during facility activation average 200 persons on

the lunar surface and 600 persons in GEO. At a cost of $. 120 million per manyear,

total costs for the 3 year period are: 3 ×. 120 × 800 = $288 million.

NOTE 3.4

Operations of the launch/recovery facilities for the SDV cost 33.2 million/year

(Ref Note 5.3). For the 3 year startup period total cost is $99.6 million.
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V
NOTE 3.5

Annual cost of lunar based operations is $525.80 million (1/30 of cost element

2220). For the 3 year activation period assume average annual cost is half

steady state value or $262.90 million. Operations cost for the facility activation

period then is: 3 x 262. 90 = $788.70 million.

NOTE 3.6

Annual cost of space based operations is $754.43 million (1/30 of cost element

2320). For the 3 year activation period assume average annual cost is half the

steady state value or $377.22 million. Operations cost for the facility activation

period then is: 3 × 377. 22 = $1131.66 million.

NOTE 4.1

Each POTV has a 50 flightlife.

Startup operations

Steady State POTV 1 18/yr x 30

POTV 2 38/yr × 30

Total flights are as follows:

32

54O

1140
m

1712 flights

Number of vehicles required: 1712/50 = 34. 24 ::, 35

Need 11 vehicles for startup operations for safety reasons.

Remaining 24 will be manufactured during the SPS production phase.

Costs can be determined from the relationships in Section G. 3.8.

Vehicle Development: $380 million

848
Total Production: 29.24 (35)" = $596. 138 million

Allocating between Initial Production and Replacement:
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Initial Production: 11/35 (596.138) = $187.358 million

Replacement Vehicles: 24/35 (596.138) = $408.780 million

Each operating POTV requires passenger and crew modules. Assume they have

a life of 500 flights each. Based on the life only 4 sets would be required. Since

11 COTV's are required for startup 11 sets will be required in initial production.

Section G.3.5 provides the estimating relationships.

Development: Passenger Module 287

Crew Module 524

$811 million

Production:

848
Passenger Module 13 (11)"

848
Crew Module 24 (11)"

Total costs are as follows:

Vehicle Development

Module Development

POTV Development

Initial Production: Vehicle

Modules

Replacement Vehicle

Production

= 99. 322

= 183. 363

$282. 685 million

$380

$811

$1191 million

187.358

282.685

$470.043 million

$408.780million

V

NOTE 4.2

Each COTV has a 50 flight life, but the number required over the programa life is

based on the annual launch requirements during steady state. The trip/year
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constraint applies since each COTV can only make 1 trip/year. From Table

4-51 the flights/year and thus the number of vehicles required is:

COTV 1 2

COTV 2 5

COTV 3 3

•%11vehicles will be manufactured during the initial production phase. Table G-13

provides the following costs:

Development $ 691.02 million

Production 15,627.21 million

NOTE 4.3

SDV has a 500 flight life.

Startup period

Steady State

The following launch and vehicle requirements e_st:

892 flights + 500 = 1.78

(118 flts/yr x 30)-500 =" 7.08

Total required 8. 86 _- 9

In order to limit the length of time for the startup period, all SDV's will be

manufactured during initial production and used for startup..

The :majority of SDV hardware is reusable. The cargo pod shroud and external

tank are expendable and 4432 shipsets of these elements will be. required.

Costs were discussed in Section G. 3.6. Totals are shown below.

Development: Booster $5311.50

Cargo Pod $1520.64

$6832. 14 million

Reusable Hardware Production (90% learning):
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Booster: (1.3) 364.72 (9)" 848 = 3055.63

Cargo Pod: (1.3) 103.44 (9) " 848= 866.62

Total Initial Production $3922.25 million

Expendable Hardware Production (85% learning):

1.3 (18) (4432)" 766 = $14,538.22 million

Assume 900 sets are fabricated in initial production and the remaining

3532 are made during SPS production.

Initial Production: (900/4432) (14,538.22) = $2952.26 million

Replacement: (3532/4432) (14,538. 22) = $11585.96 million

NOTE 4.4

The following LTV flights are required:

Startup

Steady State 365/yr × 30

Using a 500 flight life, 11036/500 rr:

7 are required for startup.

86

= 10950

11036

22 vehicles are required, of which

Costs were discussed in Section

Development

848
Production: 33. 864 (22)"

G. 3.10.

= $720.80 million

= $465.71

Splitting production costs between initial production and replacement vehicles:

Initial Production: 7/22 (465.71) = $148.18 million

Replacement 15/22 (465.71) = $317.53 million
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NOTE 5.1

A total of 10.4_ of the SPS mass must be earth supplied. This amounts to 10232

metric tons per satellite. Approximately half of this material is complex

avionics equipment and half is miscellaneous material which is not obtainable on

the moon or not desirable to manufacture on the lunar surface. These materials

are not well enough defined for detailed estimates so a general electronics type

CER will be used to provide a single estimate for the entire amount: TFU cost
667

=. 021 W" . This CER is from Shuttle System Payload Data Activity, GDC Report

PDS-CO-015, Sept. 1974. First Unit Cost, including 10% for Program Level Costs,

iS: o

.667
TFU = .021 (22,561,560) ×1.1

= $1686. 229 million × 1.1

= $1854. 852 million

Production costs, using a 90% learning curve and 30% for Program Level Costs

are:

848
Production Cost = 18S4.8S2 (30)" × 1.3

= $43,137. 149 million

NOTE 5.2

Production costs of earth recterma are identical to the SPS earth baseline and are

$133.38 billion.

NOTE 5.3

,qj

Facility Maintenance is assumed to be 5% of facility construction costs/year.

5% (. 664 billion) = $. 0332 billion/year

Total =. 0332'x 30 years = $. 996 billion
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Launch/Recovery Ooerations costs are included in the SDVoperations cost on a

per flightbasis and will not be included here.

NOTE 6.I

All transportation charges for Earth Based Fab/Assy refer to the operations cost

of the SDV and Space Shuttle. Vehicle Replacement costs for SDV's is calculated

in Note 4.3. It consists of the expendable external tanks and shrouds for the cargo

pad.

Total $11.586 billion

NOTE 6.2

From Section G.3.6, cost per flight for spares and maintenance is $8.57"1 million/

flight

118 flights/year × 30 yrs × 8. 571 million = $30.341 billion

NOTE 6.3

From Section G.3.6, propellant costs are $.901 million per flight for the SDV.

118 flights/year × 30 years × $. 901 million = $3189.54 million

NOTE 6.4

From Section G. 3.7, cost per Shuttle flight is $20 million

53 flights/year x $20 × 30 years = $31,800 million

r
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NOTE 7.1

Number of people assigned to lunar base during steady state operations is 400.

Using a rate of $. 120 million per manye_ir, cost is:

400 ×. 120 x 30 = $1440 million

NOTE 8.1

From Section G. 6.2, spares, fuel and maintenance costs total 4.5% of production.

Referring to Note 1.1, . 045 (6308) -- $283.68 million/year

Total cost _, 283.86 × 30 = $8515.8 million

NOTE 8.2

From Section G.2.7, spares and maintenance costs for the large lunar base are

5.8% of production costs per year. From Note 1.2 production costs total $2353.798

million. Operations costs are 5.8% (2353.798) = $136.520 million/year. Total for

30 years = 30 × 136. 520 = $4095.609 million

NOTE 8.3

From Section G.5.2 annual cost is 4% (Production Cost). Using the production cos't

from Note 1.3, total cost is: . 04 (10.71) x 30 years = $12. 852 million.

NOTE 8.4

From Section G.5.3, annual operating cost is $ 87.059 million per year.

30 years is 30 × 87. 059 = $2611.77 million

Total for
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NOTE 8.5

V

Section G.5.5 provides annual operations costs for lunar based manufacturing

equipment of $4.74/year. For 30 years total cost is: 30 × 4.74 = $142. 20 million.

NOTE 8.6

From Section G. 5.4 and Note 1.4, total operations costs are: . 04 (301. 945)

(30 years) = $362. 334 million.

NOTE 8.7

From Section G-l, annual operating cost of the lunar based tank depot is $1. 099

million/year. Total cost is: 30 years × 1. 099 = $32.97 million. V

NOTE 9.I

Transportation charges for Lunar Based Fab/Assy refer to the LTV only.

provides the calculation for LTV replacement as $317.53 million.
!

Note 4.4

NOTE 9.2

/

Discussion of LTV operations costs is contained in Section G. 3.10. Fleet size

is 7 vehicles. Annual launch rate is 365 per year or 52 launches per vehicle per

year.

Spares .282 × 7 vehicles

Maintenance .847 × 7 vehicles

Propellant $. 054/fit × 365

Annual Operations

= 1.974

= 5.929

=19.710

$27.613 million/year
%J
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Total cost over 30 years:

Spares 1. 974 × 30

Maintenance 5.929 ×.30

Propellant 19.710 × 30

= $59.220 million

= $177.870 million

= $591. 300 million

NOTE i0.1

Number of people stationed in Space Base during steady state operation is

Using a rate of $. 120 million/manyear, cost is:

1165 ×. 12 × 30 = $4194 million

NOTE II. 1

1165.

From Section G.6.1, power station operations cost is 4% of production cost per

year. Note 2. 1 gives production cost of $ 935.376 million° Total operations cost,

then is:

.04 (935.376) (30 years) = $1122.451 million

NOTE 11.2

Habitat Operations Cost as described in Section G, 2.7 is 5.8% of hardware first

unit cost per year. Lunar shielding costs are excluded since maintenance is nil.

Costs were calculated as follows:

Habitat Production Cost
e

67
LEO 112.7 (75)" = $2033.363

(75 person cap. )

GEO (SMF-

1165 person cap. )

(Ref. Fig G--3)

67
67, 4 (1165)" = $7640. 086

(Ref. Fig. G-8 )

Operations Cost @ 5.8%

$117. 935 million/year

or $3538.05 million total

$443. 125 million/year

or $13,293.730 million total
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Habitat

LLO (Temp.

Shelter 12 person)

Production Cost

67
37.6 (12)" = $198. 719

(Ref Fig. G-5)

Total Space Habitat Operations

Operations Cost @ 5.8%

$11. 526 million/year

or $345.780 million total

$17,177.58 million

NOTE 11.3

Section G. 5.5 defines manufacturing operations costs in space as $116,07 per

year. Total cost for 30 years is: 30 × 116.07 = $3482.10 million.

NOTE 11.4

Section G. 1 provides an annual operating cost of $28. 355 million for the Concept C

propellant depots. For the 30 year production period total operating costs are:

30 × 28. 355 = $850. 650.

NOTE 11.5

The LRU options require only one satellite construction facility in GEO, compared

with two in the earth baseline.

construction facility as follows:

Facility

Construction Equip

Supply/Refurbishment

Total Cost =. 597 × 30 = $17.910 billion

Figure F-8 wives annual costs to maintain the GEO

.159

.247

.191

$. 597 billion/yr

NOTE 12.1

V

Transportation costs under Space Based Fab/Assy refer to the cost of operating the

COTV's and I_TV's. Vehicle replacement costs were previously calculated in the

notes accompanying development costs:
%J
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POTV $408.780 million (Ref Note 4.1)

COTV $ None (Ref Note 4.2)

NOTE 12.2

COTV costs are discussed in Section G. 3.9. Operations costs are as follows:

Steady State Propellant cost Cost/Year for Fleet

fits/year per flight Propellants Spares Maintenance

COTV 1 2 .117 .234 9. 954 29. 862

COTV 2 5 .376 I. 880 95.095 285.285

COTV 3 3 ,236 ,708 55.317 165. 951

Total Annual Cost 2. 822 160. 366 481. 098

POTV

I:_TV operations costs consist of the costs of maintaining the t_TV, the passenger

module and crew module in operating condition. Fleet size is 11 vehicles and a

total of 56 flights per year are required. Cost of the crew is contained in

"Construction/Maintenance Crew." Sections Go 3.5 and G, 3.8 provide the

following operations costs.

Spares: ,13 +. 24 +. 244 = $. 614 million/year/vehicle

Maintenance: .39 +. 72 +. 731 = $1. 841 million/year/vehicle

Propellant: $. 01 S/fit

Total costs for the vehicle fleet are:

Spares: . 614 × 11 = $6.754 million/year

Maintenance: 1. 841 × 11 = $20.2Sl million/year

Propellant: . 015 × 56 flts/yr = $. 84 million/year

Total operating costs for both vehicles over a 30 year period is shown below.

Spares: (160. 366 + 6.754) 30 = $ 5013.60

Maintenance: (481.098 + 20.251) 30 = $15040.47

Propellant: (2. 822 + . 84) 30 = $ 109.86
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H. 3 NOTESTO TABLE 5-7, page 5- 26 of Volume II

NOTE 1.1

Nuclear Brayton Power Station with a 960 MW capacity.

From Section G. 6.2, costs are as follows:

Development:
848

Production: 27.8(960)"

1309

9397. 467

$10,706.467 million

NOTE 1.2

Large Lunar Base Habitat with a 400 person capacity.

Using the relations from Section G. 2.5, Fig. G-7 , the cost of development

and production is:

220.1(400)" 5 67+ 42.5(400)" = $6,755. 798 million

NOTE 1.3

Beneficiation Equipment weight is 60 tons, or 132,300 lbs.

From Section G.5.2 costs are as follows:

• 187
Development: 1.546 (132,300)

Production: .007 (132,300)" 667

= 14.026

= 18. 246

$32. 272 million

NOTE 1.4

Processing Facility weight is 16,980 metric tons (including 11500 tons for radiators).

Using the scaling relationships in Section

Development: 13.450(16,980)" 5

Production: 5.756(16,980)" 67

G. 5.3, the following costs are obtained:

= 1752. 634

= 3928. 068

$5680.702 million
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NOTE 1.5

Liquefaction plant weight, excluding propellant storage tanks, is 836 metric tons.

Using the scaling relationships in G. 5.4 the following costs are obtained:

Development: 1L 628(836)" 5 = 336.208

Production: 4• 785(836)" 67 = 434.270

$770.478 million

NOTE 2.1

Photovoltaic Power Station in GEO with a 260 MW capacity.

From Section G. 6.1 cost is:

.5
Development: 24.04(260) =

• 67
Production: 22.54(260) =

NOTE 2.2

LEO Modular Space Station with a 75 person crew size.

from Figure G-$

Development 665.1 (75)" 5

Production 112.7(75)" 67

$387. 633

935.376

$1323. 009 million

Costs can be determined

= 5759.935

= 2033.363

$7793.298 million

NOTE 2.3

GEO SMF Habitat with a 1165 person capacity.

Figure G-8.

5
Development 445.6(1165)" _ .120(1165)

Production 67.4(1165)" 67 +. 012(1165)

Costs can be determined from

= 15,349. 062

= 7,654. 066

$23. 003.128 million
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NOTE 2.4

LLO Temporary Shelter with a 12 person capacity.

from Figure G-5.

5
Development 306.9 (12)"

Production 37.6(12)" 67

Costs can be determined

1063.133

198. 719

$1261. 852 million

NOTE 3.1

This is the cost to operate the vehicles during facility construction and includes

spares, maintenance and propellants. Startup period is 3 years. During this

time a gradual buildup of the vehicle fleet occurs. Assume an average maintenance

period of 1 1/2 years, instead of 3 years to account for the buildup. Cost of spares

and maintenance is calculated below.

SDV (Ref. Note 6.2): $8. 571 million/fit × 1269 fits = $10,876. 599

COTV (Ref. Note 12. 2): (42. 332 + 126. 996) 1.5 years = 253. 992

POTV (Ref. Note 12.2): (6. 754 + 20. 251) 1.5 years = 40. 508

LDR (Ref. Note 9.2): (6. 853 + 20. 552) 1.5 years = 41. 108

$11,212.207 millipn

User charges for the space shuttle are calculated at $20 million per flight and 80

flights are required for startup. Total cost is 80 × 20 = 1600 million.

Total propellant requirements for startup were presented in Section 4.8 for space

vehicles. SDV propellant requirements per flight are provided in Table G-9 . The

following Table summarizes total propellant requirements for startup operations.

All propellants for startup are assumed to be earth supplied and the cost per pound

as shown in Table G-9 applies.
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Total Propellant for Startup (Millions of Pounds)

User LO 2 LH 2 _C3H 8 A1

SDV 9806.8 55.8 2453.0

COTV 133.1 2.2 --

Po'rv 19.4 2. 8 --

LDR 115.2 -- -- 51.9

Total 10074.5 60.8 2453.0 51.9

$/lb .021 .54 .37 .40

Total Cost 211. 565 32, 832 907.610 20.760

(millions $)

Total transportation cost is the sum of the above elements: 11,212. 207 + 1600

+ 211. 565 + 32. 832 + 907.610 + 20.760 = $13,984. 974 million.

NOTE 3.2

Initial Depot Propellant Supply is provided in Section 4.8.

LO2: 4308 tons × 2205 × $. 021/lb

LH2: 684 tons × 2205 × $. 54/lb

AI: 270 tons x 2205 × $. 40/lb

Costs are:

= .199 million

= .814 million

= .238 million

$1. 251 million

NOTE 3.3

Construction/Maintenance Crews during facility activation average approximately

800 persons. At a cost of $. 120 million/man year total cost for the 3 year period

is: 3 × . 120 × 800 = $288 million.

NOTE 3.4

Operations cost for the SDV launch/recovery facilities is $24.440 million/year

(Ref. Note 5.3). Total for 3 years is $73.320 million.

H-35



NOTE 3.5

Annual cost of lunar based operations is $744. 167 million (1/30 of cost element

C(2220) ). For the 3 year activation period assume the average annual cost is

half the steady state value, or $372.083 million. Operations cost for the facility

activation period is: 3 x 372. 083 = $1116. 249 million.

_j

NOTE 3.6

Annual cost of space based operations is $745. 267 million (1/30 of cost element

C(2320) ). For the 3 year activation period assume an average annual cost of

half the steady state value or $372.634 million. Operations cost for the facility

activation period is: 3 × 372.634 = $1117.902 million.

NOTE 4.1

Each POTV has a 50 flight life. Total flights are as follows:

Startup Operations 82

Steady State: POTV 1 - 18 × 30 540

tK)TV 2 - 38 x 30 1140

1762 flights

Number of vehicles required:

operations for safety reasons.

during the SPS production phase.

Section G. 3.8.

Vehicle Development

Total Production: 29.24(36)" 848

Initial Production: 11/36 (610.551)

Replacement Vehicles: 25/36 (610.551)

1762/50 = 35.24 _ 36. Need 11 vehicles for startup

Remaining 25 will be manufactured as replacements

Costs can be determined from the relations in

$380 million

$610.551 million

$186. 557 million

$423. 994 million
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V Each operating POTV requires passenger and crew modules.

required and they will be fabricated during initial production.

are assumed. From Section G.3.5 costs are as follows:

Development: Passenger Module

Crew Module

Initial Production

Passenger Module:

Crew Module:

848
13(II)" =

848
24(11)" =

In summary, total costs are as follows:

Vehicle Development

Module Development

Initial Production: Vehicle

Modules

Replacement Vehicles:

A total of 11 are

No replacements

287

524

$811 million

99. 322

183.363

$282. 685 million

38O

811

$1191 million

186.557

282. 685

$469. 242 million

$423,994 million

Each SDV has a 500 flight life.

Startup Period:

Steady State: 76 x 30

NOTE 4.2

The following launch and vehicle requirements exist:

1269 flights

= 2280 flights

3549 flights

A total of 3549/500 = 7.1 _ 8 vehicles will be required.

factured during initial production and used for startup.

from Section G. 3.6.

Assume all will be manu-

Costa can be determined
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Development: Booster

Cargo Pod

Reusable Hardware Production (90% learning):

848
Booster 1.3 (364.72) (8)"

848
Cargo Pod 1.3 (103.44) (8)"

$5311.50

 1520.64

$6832. 14 million

= 2765.179

= 784. 246

$3549. 425 million

The cargo pod shroud and external tanks are expendable and a total of 3549 shipsets

will be required.

Expendable Hardware Production (85% learning):

1.3(18) (3549)" 766 = $12263.009 million

Assume 1300 shipsets will be fabricated during initial production and the remaining

2249 are made during the SPS production phase. Cost can be split as follows:

Initial Production: {1300/3549) 12263.009 = $4491.945 million

Replacement: (2249/3549) 12263.009 = $7771. 064 million

NOTE 4.3

Each LDR has a 500 flight life. Total flights are as follows:

Startup Period 138

Steady State- 365 × 20 10950

11088 flights

A total of 11088/500 = 22. 176 _ 23 vehicles will be required over the program life.

A fleet size of 7 is required for startup operations and for steady state. Initial

production will be 7 vehicles and 16 replacements will be manufactured during the

SPS production phase. In addition to the basic vehicle, 7 dedicated crew modules

are required. These will be fabricated during initial production also. From Section

G, 3.12 costs are as follows:
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Development:

Vehicle Production:

Initial Production:

Replacement:

Crew Module Initial Production:

.848
88. 657(23) =

7/23 (1266. 072) =

16/23(1266.072) =

846
28.8(7)" =

$5203.78 million

$1266; 072 million

$ 385.326 million

$ 880.746 million

$149.981 million

NOTE 5.1

A total of 10.4% of the SPS mass must be earth supplied. This amounts to 10232

metric tons per satellite. Approximately half of this material is complex avionics

equipment and half is miscellaneous material which is not obtainable on the moon

or not desirable to manufacture on the lunar surface. These rra terlals are not well

enough defined for detailed estimates so a general electronics type CER will be used

to provide a single estimate for the entire amount: TFU cost =. 021 W" 667. This

CER is from Shuttle System Payload Data Activity, GDC Report PDS-CO-015,

Sept. 1974. First Unit Cost, including 10% for Program Level Costs, is:

.667
TFU = . 02I" (22,561,560) × 1.1

= $1686.229 million × 1.1

= $1854.852 million

Production costs, using a 90% learning curve and 30% for Program Level Costs are:

Production Cost 1854.852 (30)" 848= xl.3

= $43,13% 149 million

NOTE 5.2

Production costs of earth recterma are identical to the SPS earth baseline and are

$133.38 billion.

NOTE 5.3

From Table G-30tu Section G,4 annual maintenance cost of the Launch/Recovery

Facilities is $24.440 million. Total for 30 years is: 30 × 24.440 = $733.200 million.
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Launch/Recovery operations costs are included in the SDV operations cost on

a per flight basis and will not be included here.

NOTE 6.1

All transportation charges for Earth Based Fab/Assy refer to the operations cost

of the SDV and the cost of using the Space Shuttle. Vehicle replacement costs

for SDV's is calculated in Note 4.2. The replacement hardware consists entirely

of expendable hardware and the total cost is $7771.064 million.

NOTE 6.2

From Section G. 3.6, cost per flight for spares and maintenance is $8.571 million

per flight.

76 flts/yr × 30 yrs × 8.571 = $19541.88 million

NOTE 6.3

From Section G.3.6, propellant costs are $.901 million per SDV flight.

76 flts/yr x 30 yrs × . 901 = $ 2054. 280 million

NOTE 6.4

From Section G.3.7, cost per Shuttle flight is $20 million.

53 flights/yr x 30 yrs x 20 = $ 31,800 million

NOTE 7.1

During steady state operations there are 400 people stationed at the lunar base.

At a rate of $. 120 million per man year, total cost is:

400 x. 120 x 30 yrs = $1440 million

NOTE 8.1

Spares, fuel and maintenance costs of the nuclear power station are 4.6% of

production cost per year (Ref. Section G. 6.2). From Note 1.1, production cost
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is:

• 045 x 9397.467 x 30 yrs

NOTE 8.2

Annual habitat operations cost, from Section

cost. From Note 1.2 production cost is:

Total operations cost is:

.058 x 2353• 798 x 30 years

$12,686° 580 million

G. 2.7, is 5.8% of production

42.5(400)" 67 = $2353.798 million.

= $ 4,095.609 milHon

NOTE 8.3

From Section G. 5.2, beneflciation equipment annual cost is 4% ofproduction•

Production cost is $18. 246 million (Ref• Note 1.3). Total operating cost is:

.04(18.246) × 30 years = $21. 895 million

NOTE 8.4

From Section G.5.3 and Note 1•4, annual operating cost for the processing

facility is:

• 04(3928. 068) x 30 yrs = $4713.682 million

NOTE 8.5

Annual operations cost for lunar manufacturing are $4.74 million/yr (Ref.

Table G-41). For 30 years the cost is $142• 20 million.

NOTE 8.6

From Section G.5° 4 and Note 1.5, lunar liquefaction operations cost is:

.04(434. 270) × 30 yrs = $521. 124 million

NOTE 8.7

Annual operating cost of the lunar based propellant depot is $2. 751 million/year

(Ref. Sec. G. 1 ). Total cost for 30 years is $82.53 million.

H-41



NOTE 9.1

Transportation charges for Lunar Based Fab/Assy are for the Lunar Derived

Rocket (I.DR). Replacement vehicle costs were derived in Note 4.3 and total

$880.746 million.

NOTE 9.2

In Section G.3.12 LDR annual maintenance cost was found to be $2.936 million

per vehicle and spares $. 979 million per vehicle. Propellant costs are included

in the lunar propellant production facilities costs. LDR operations cost for a

30 year period and for a fleet size of 7 are as follows:

Maintenance: 2. 936(7)(3) = $616. 560 million

Spares: .979(7)(3) = $205.590 million

NOTE 10.1

Number of people stationed in space during steady state operation is 1165. At

a rate of $. 120 million per man year, cost is:

1165 × . 12 × 30 = $4194 million

NOTE 11.1

Using the data in Note 2.1 and Section

cost over 30 years is:

.04(935.376) × 30

G. 6.1, GEO power stationoperations

= $1122. 451 million

NOTE 11.2

Space Habitat operations costs, from Section G. 2.7, is 5.8% of hardware cost per

year (excluding the cost of lunar shielding). Production costs, adjusted to remove

shielding costs, are shown below along with the 30 year operations costs.

,
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Habitat Production Cost

LEO $2033.363

(Ref. Note 2.2)

.67
GEO 67.4(1165) = $7640.086

(Rei Fig. G-9 )

67
LLO 37.6(12)" = $198.719

(Ref. Note 2.4)

Total Space Habitat O_erations

30 yr Operations Cost

3538. 050

13,293.750

345.771

$17,177.571 million

NOTE 11.3

From TableG-41 in Section 5.2.5.5, annual operations cost of the space based

manufacturing facility is $116.07 million/year. Total cost for 30 years is:

30 x 116.07 = $3482. 10 million

NOTE 11.4

Section G. 1 provides an annual operating cost of $19. 203 million for the space

based depots. Total for 30 years is:

$19. 203(30) = $ 576.090 million

NOTE 11.5

The LRU options require only one satellite construction facility in GEO, compared

with two in the earth baseline.

construction facility as follows:

Facility

Construction Equip

SupplypRefurbishment

Total Cost =. 597 × 30 = $17.910 billion

Figure F-8 gives annual costs to maintain the GEO

.159

.247

.191

$. 597 billion/yr

m

H-43



NOTE 12.1

Transportation costs under "Space Based Fab/Assy" refer to the cost of operating

the COTV and POTV fleets. Vehicle replacement cost was calculated in Notes 4.1

for the POTV as $423.994 million. No replacements are required for the COTV.

NOTE 12.2

COTV operating costs are shown in Section G. 3.9, Table G-16.

Spares: $42.332 million/yr

Maintenance: $126.996 million/yr

Propellant: $. 252 million/fit x 8 flts/yr = $2. 016 million/yr

POTV operations costs are the costs of maintaining the POTV, passenger and crew

modules in operating condition. Fleet size is 11 vehicles which fly 56 missions

per year: Sections G.3.5 and G.3.8 provide the follo_ng operations costs:

Spares: .13 +. 24 +. 244 = $• 614 million/year/vehicle

Maintenance: .39 +. 72 +. 731 = $1841 million/year/vehicle

Propellant: $. 012/rit

I

Total annual costs for the 11 vehicle POTV fleet are:

Spares:

Maintenance:

Propellant

.614 x 11 = $6.754 million/yr

1. 841 x 11 = $20.251 million/yr

• 012 × 56 flts/yr = $. 672 million/yr

v

Total operating costs for the COTV and POTV over a 30 year period are as follows:

Maintenance: (126.996 + 20.251) 30 = $4417.41 million

Spares (42. 332 + 6.754) 30 = $1472.58 million

Propellant (2. 016 ÷. 672) 30 = $ 2. 688 million
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APPENDIX

Supplementary data for Section 5.3.3, Cost Reconciliation (page 5-31) and Section

5.4.3, Threshold Sensitivity to Manufacturing Costs (page 5-58).

1.1

1.2

Cost Reconciliation Tables I-1 through I-5

Sensitivity Analysis Tables I-6 through I-8





V

Table I-I. Categorization of RDT&E & Facility Costs for Reconciliation (billions $),

Concept
Earth

B C D Baseline

MANUFACTURING

Earth Based

SPS Hardware

SPS H. W. Facilities

Lunar Based

Space Based

Construction System

Facility Activation

Equip/Facilities

TRANSPORTATION

Earth Based

Launch/Recovery Facilities

Propellant Production Facilities

HLLV

PLV

POTV

COTV

SDV

Lunar Based

PLTV

Mass Driver

LTV

LDR

Space Based

POTV

COTV

Mass Catcher

6.270 6.270 6.270 6.270

-- -- _ 10.366
6.27 6.27 6.27 16.636

5.388 19.525 24.358 --

20.741 20.741 20.741 20.741

9.293 13.390 16.581

52.756 41.248 41.019

82.790 75.379 78.341 20.741

.453 . 664 .489 2.8

. 885 1.084 . 885 3.5

17. 826

3.314

2.369

3o 400

11. 090 13. 706 14.873

12.428 15.454 16.247 33. 209"

.443 -- -- --

1.500 -- -- --

-- .869 -- --

-- -- 5.739 --

1. 943 .869 5.739 --

1. 667 1.661 1.660 --

9.342 16.318 13.145 --

I.928 -- --

12.937 17.979 14. 805 --
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Table I-2. Categorization of Production Costs for Reconciliation (billions $).

I

t_

M A N U FA CTURI NG

Earth Total

Satellite

Earth Reetenna

Lunar Total

Crew

Fac/Equip Ops

Space Total

Crew

Fae/Equip Ops

Mfg System

Constr System

TRANSPORTATION

L/R Facility Ops

Earth Based

Lunar Based

Space Based

43. 137

133.380

.173

2.366

5. 044

30. 242

17.910

• 680

52. 265

.405

12. 723

CONCEPT

B C D Earth

Baseline

176.517

2.539

53.196

!

66.073

43.137

133.380

1.440

15.834

4.194

22,633

17.910

.996

76.917

1.146

20.573

176.517

17.274

44.737

99. 632

43.137

133.380

1.440

22.325

4.194

22.358

17.910

.733

61.167

1.704

6.317

176.517

23.765

44.462

69.921

268.011

133.380

36.480

4.2

214. 405

401.391

36.480

218.605



Table I-3. Comparison of Concept B With Earth Baseline.

!
C_

Category

Transportation

Earth Based

Lunar Based

Space Based

Manufacturing

Earth Based

Satellite

Rcctenna

Lunar Based

Space Based

Construction System

Manufacturing System

, Earth Basel!ne
Nit "R T

33.2 218.6

251.8

251.8

m

418.0

16.6 268.0 284.6

- 133.4 133.4

LRU Concept B
NR R T

93.3

12.4 53.0 65.4

1.9 .4 2.3

12. 9 12.7 25.6

182.8

6.3 43.1 49.4

- 133.4 133.4

235.2

0

57.2

20. 7 36.5 57.2

m m --

5.4 2.6 8.0

136.0

20.7 17.9 38.6

62.1 35.3 97.4

Difference

186.4

-2.3

-25.6

235.2

148.4

Notes: .

2.

Costs are in billions of 1977 dollars

Nil = Non-Recurring Development and Facility Cost Amortization

R = Recurring Production Costs

T = Total costs, excluding the Operations Phase which is the same for all Concept.



Table I-4. Comparison of Concept C with Earth Baseline.

!

Category

Transportation

Earth Based

Lunar Based

Space Based

M anufacturing

Earth Based

Satellite

Rectenna

Lunar Based

Space Based

Construction System

Manufacturing System

Earth Baseline

NR R T

33.2 218.6

16.6 268.0

- 133.4

251.8

251.8

418.0

284.6

133.4

57.2

57.2

LRU Concept C
NR R T

134.0

15.5 77.9 93.4

.9 1.1 2.0

18.0 20.6 38.6

182.8

49.4

133.4

36.8

12.0

38.6

81.4

Differences

235. 2

0

20.7 36.5

6.3 43.1

- 133.4

19.5 17.3

20.7 17.9

54.6 26.8

158.4

-2.0

-38.6

235.2

117.8

135.6

Note: See Notes for Table I-3.

i- I j



Table I-5. Comparison of Concept D with Earth Baseline.
l

J

¢J]

Category

Transportation

Earth Based

Lunar Based

Space Based

Manufacturing

Earth Based

Satellite

Reetenna

Lunar Based

Space Based

Construction System

Manufacturing System

Earth Baseline

NR R T

33.2 218.6

w N

16.6 268.0

- 133.4

20.7 36.5

251.8

251.8

418.0

284.6

133.4

57.2

57. 2

LRU Concept D

NR R T

106.6

16.2 61.9 78.1

5.7 1.7 7.4

14.8 6.3 21.1

6.3 43.1

- 133.4

24.4 23.8

182.8

49.4

133.4

48.2

122. 8

38.6

84.2

Difference

235.2

0

20. 7 17.9

57. 6 26.6

173.7

-7.4

-21.1

235.2

145.2

121.4

Note: See Notes for Table I-3.



Table I-6. Allocation of Manufacturing Cost Differences to LRU Concepts for Sensitivity Analysis.

!
o_

Concept

B

C

D

Manufacturing

Location

Lunar

Space

Lunar

Space

Lunar

Space

1
Total

8

105.4 (129.8)=9.85

97.4

105.4 (129.8) = 119.95

36.8
(117) = 36.43

118.2

81.4
-- (117) = 80.57
118.2

48.2

132.4 (102.8) ffi 37.42

84.2

132.4 (102.8) = 65.38

.5:r E
0VBS 1320 & 1330)

-_(9.85) = 6.65

162.1

i9--_. 4 (119.95) = 76.48

19.5
(36. 43) = 19.30

;_o.ts

54.6
-- (80. 57) = 54.04
81.4

24.4

(37.42) = 18.94

57.6
(65.38) = 44.73

Total

Production

Constr. Crew

(WBS 2210 & 2310)

Fac/Equip Ops .

(WBS 2220 & 23201

2. 6 .173 2.366

8 (9.85) =3.20 2. 539 (3.20) =.22 2. 539 (3.20) = 2.98

35.3
(119.95) = 43.47

_'1. q:

]17.3
J3---6-_.8 (36.43)= 17.13

26.8

(80.57) ffi 26.53

5. 044
_-W"2"_._(43.47) = 4.12
OJ. J_O

1.44

17.274
-- (17.13) = 1.43

i4"194 (26.53)=2.49
i44.737

1.44

23.765
-- (18.48) = 1.12

4.194

44.462 (20.65) = 1.95

23.8

4--'_.2(37.42)= 18.48

26.6

8--_.2(65.38) = 20.65

48. 152,43 3,_
_( .47)=39.

15.834

17.274(17.13) = 15.7

4O. 543

44.737
--(26.53) = 24.0

22.325

23.765
-- (18.48) = 17.3

40. 268
(20.65) = 18.7

NOTES:

1. Total amount of manufacturing to be allocated obtained from Tables I-3 (Concept B, $129.8 billion), I-4 (Concept C,

$117 billion), I-5 (Concept D, $102.8 billion). Amounts exclude costs related to construction system.

2. Allocations for Total RDT&E and Total Production based on ratios from Tables I-3, I-4 and I-5. Allocation of

Total Production between Construction Crew and Facility/Equipment Operations based on cost ratios from Life Cycle

Cost Tables 5-5, 5-6 and 5-7.

(,.. (
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Table I-7.

Cosl Element

RDT&E

SI?S Ilardware

Construction System

Facilities & Equipment

Earth Based

Izmar Based

Simec Based

Facility AcUvaUon

Tranap0r ration

IILI,V

PLV

POTV

COTV

SI)V

LTV/PLTV

LDR

T.lau DriVer

Mass Catcher

Nominal Cost

Stun of the Variances

lil)T&F_ Uncertainly Range ft 30 )

Production

Earth Baaed Fah/Assy

SPS System Hardware

•Launch/Recovery FaelllUea Ops

Tracapor torten

l_mr Ba_¢_ Fob/Ashy

Cons tru_bon/lq alnlenaoee Crew

i"aeility t Eqtlipmcnt Ova

"l'ransl_r ration

Slmce lh*_t'd Fab/Aaay

Cons& rue Uon/]H at ntonance Crew

Fac-|lity £ Fquipmcnl Ops

Tranalmr &alien

Nomhml Coal

Sum of lhe Variances " •

Protlk_lton Uncertainly Range (* 30 I

Opevalloas

Satellite

Earth Reetenna

Nominal Cost

tkms of the Variances

Operati_ms l;:_ertalnW Range D 30 )

Uncertainly

Range

Program Phase Cost__ Uncert_.__._aintyRanges for Sensitivity Analysis (billions of 1977 dollars).

_l Co.cept_ _ Concept D _ Ea___. _ Basell______nene

65.0

80.0

65.0

139 2

132. 2

117.2

65.0

6fi. 0

95.0

140.0

9_.0

170.0

170.0

185.0

195.0

32. 5

32.5

51. I

47.5

62. 5

55.0

47.5

62.5

55.0

Nomina]

Cost

6.270

20.741

1.338

!1.988

129.236

9. 293

1.667

9.342

11.090

.443

1.500

1.928

]04.886

176.517

.680

52. 2_5

.393

5.346

• 40,5

9.164

87.502

12.723

44. 995

124.629

62.022

186.651

* 30

4.076

16.593

• tff0

15. 648

170. 850

10.891

1.584

13.079

16. 536

.753

2.775

3. 567

173.6_0 I

57. 368 1

.221 I

_.707 I

, Its7 ]

3.341 I

.223 I

4._3 I

54,689 ]

6.998 I

77. 8"J3 I

3S. 764 I

NmnJna

o 2 __ Cjmi

I. 846 6. 270

30. 591 20. 741

• 084 1. 748

27. 907 39. 82fi

3243. 302 95. 288

13ol80 13.390

m

• 279 I. 661

19. [m6 16,318

i2. 333 13.706

• 063 .869

1.414

208. 816

350.861

365.677

.005

79.254

.0O4

I. 2,10

.006

2.105

332.31_

5.441

786. O5O

674.147

166.959

841.106

176. 517

.996

76.917

2. tt7

31. 534

i. 141;

6.68-1

64..583

20. ,573

381. 820

124.629

62. 022

186.651

2
* 30 0

4. 076 i. 846

! 6. 593 30. 59 I

1. ! 36 • 143

fil. 327 292. 714

125. 971 1763. 181

15.693 27.364

1. 578 .277

22. 845 57.989

13, 021 18. 838

1.477 .242

140.494 t

57. 368

.324

39,305

1. 363

19. 709

.630

3. 175

40. 3fi4

14. 226

77. 893

38. 754

2193.185

365. 677

.012

171.650

.206

43. 161

.O44

I. 120

! 81. 028

22. 486

674.147

166.959

841.106

Nominal

Cost _3o

6.270 4.076

20.741 16,593

1.374 .893
43.298 57.240

8fi.749 113.31i0

16.581 19.433

1.660

t3.145

14.873

5.739

209.430

176.517

.733

61.167

2._t

39.6t_

1.704

6.144

58.968

6. 317

3f_. 795

124.629

62. 022

186.6fit

62.5

62. fi

Nominal

o 2 Cost

1. 846 6.270

30. 591 20. 741

.089 16.666

364. O46 _

1427.832

41.960

17.826

3.314

I. 57'7 . 276 2. 369

18.403 37.630 3.400

14.129 22.182 --

9.756 10.576 --

70. 586

1937. 028

132. O35

fi7,368 365. 677 401 . 391

.238 .006 4. 200

31.256 108.551 214.405

1. 216 .164

24. 803 Off. 355 --

• 937 .098 --

2. 91_ • 946

36.855 150.921 --36 480 ]

3.474 i.341 -- " I

696 059 656.476

_jTIW___t "

I I I

130 ,]

4.0"/6

16.593

10.833

I

2
0

I. 846

30. fl91

13. _9

11.587 I 14.917

2.154 j .516

,21 10

I 63. 990

130.452 ] 1890.860

22. 800 [ 57. 760

77 I  74,147

3ft. 764 ] 166.959

841.106



Table I-8. Theoretical First Unit CoSts - Sensitivity Analysis

(billions of 1977 $)

Concept

B

Nominal Production Cost TFU

344.995 19.285

C 381.820 21.343

D 353.795 19.777

Note s:

I.

2_

Total Production Cost
TFU Cost =

848
30"

Assumes 90% learning

Production Costs are from Table I-7.

%J

I-8



APPENDIX J

Task. 5.5 supplementary data, identifyingtechnology development tests required for

maj or Earth Baseline and LRU Concept B system elements.

Appendix J consists of 4 Tables

Jo i Transportation System Elements - pages J-i through J-3.

j. 9 SatelliteSystem Elements - Pages ,I"-4through J-7.

J. 3 Manufac{uring System Elements - Pages J-8 through J-10.

J.4 Infrastructure System Elements- Pages J-11 and J-12..

J
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Table J-1. Transportation System Elements.

TECHNOLOGY DEVELOPMENT PHASE - TERRESTRIAL AND SPACE TESTS

¢-i
J

EARTII BASELINE

SD__VV-Liquid flyback booster with modified orbiter plus

external tank. Required for delivery of demo satellite,

and subsequently used as a personnel launch vehicle.

• New booster engine development

• Booster structure/aerodynamics

• Cargo pod and recoverable 8SME propulsion module

(Shuttle derived)

• Flight test program

• Expanded ground support operations

(Utilizes Apollo and Shuttle program technology)

POTV - Two stage LH2/LO 2 vehicle. New configuration

based on mostly existing technology.

• New engine development (ASE or RL-10 derivative).

• Orbital propellant transfer

• Flight test program

• On-orbit maintenance

COTV- Ion electric.propulsion system powered by photo-

voltaic array. Uses argon propellant.

• Large ion-engine performance

• Ion engine life/maintenance

• Engine cluster performance

• Photovoltaic array & power system*

• Structure & space construction*

• Utilizes technology developed for satellite power and

construction. See Table J- 2.

LRU PECULIAR

SDV - Similar to earth baseline except its operational use for

cargo delivery during commercial program may influence

(increase) the required payload capability.

Other possible design impacts include:

• Reduced turnaround/refurb schedule

• Glide return and horizontal landing of cargo propulsion

module rather than ballistic (to reduce turnaround).

POTV - Similar to earth baseline except only a single stage

vehicle is required since propellant loading is feasible at
each destination.

Early coordination should permit use of one POTV stage for

the LRU scenario without extensive modification.

COTV - Similar to earth baseline except oxygen propellant

is substituted for argon, and several COTV configurations

are required, necessitating a modular design approach.

Supplementary development activities are mostly propellant
related.

• Ion-engine performance with oxygen

• Engine life/maintenance with oxygen

• Engine cluster performance (modular)

• Array/structure configuration (modular)

• Flight test program



Table J-1. Transportation System Elements (contd).

TECItNOLOGY DEVELOPMENT PIIASE - TERRESTRIAL AND SPACE TESTS

J
Lx3

EARTII BASELINE

HLLV- Two stage fully reusable flyback vehicle with 450T

payload capability to LEO.

• New engine developments (may use or adapt SSME and/or

SDV booster engines).

• Vehicle structure/aerodynamics (two dissimilar stages).

o Flight test program.

• Expanded ground support operations.

No corresponding vehicle requirement.

No corresponding equipment requirement.

No corresponding equipment requirement.

LRU PECULIAR

HLLV not required; SDV should be suitable for delivery of

required earth equipment, supplies, and personnel for start-

up and steady state operations.

LTV - Similar to LRU single stage POTV with following

changes:

• Lunar landing structural kit (legs).

• Landing avionics.

• Throttablo engine (for landing).

• Flight test program/maintenance.

MASS DRIVER CATAPULT - Electromagnetic accelerator

constructed on lunar surface to catapult material into space.
• "Lunar concrete" foundations.

• Accelerator/return track structure

• Drive coils and sequence control

• Bucket conditioning and loading

• Terminal guidance stations

• Automatic monitoring & control system

• Site preparation (similar to mining)

• Equipment life/maintenance

MASS CATCHER - Device for receiving, accumulating,

and transporting lunar material from L 2 to SMF.

• Catcher structure for arresting and retaining incoming

material stream.

( ( (



Table J-l. Transportation System Elements(eontd).

i:;ii

TECHNOLOGY DEVELOPMENT PHASE - TERRESTRIAL AND SPACE TESTS

EARTH BASELINE

C-4
!

LRU PECULIAR

• High thrust chemical propulsion system (similar to POTV

or LTV).

• Low thrust ion propulsion system (similar to LRU COTV

system with modular thrusters and oxygen propellant).

• Power supply, probably nuclear, suitably protected

from potential damage which could be caused by incoming
material stream.

• Guidance and control system for automated operation,

maneuvering, stattonkeeping, orbital transfer, and SMF
rendezvous.

• Vehicle life/maintenance.



Table J-2. Satellite System Elements.

TECIINOLOGY DEVELOPMENT PHASE - TERRESTRIAL AND SPACE TESTS

!
d_

EART[I BASELINE *

RECTENNA - 5 GW ground receiving antenna considerations:

Collection efficiency

RF-DC conversion efficiency

Factors influencing rectenna size

Low-cost rectenna elements

Sensitivity to beam power density and grid loads

Pilot beam interfaces

Maintenance

PHOTOVOLTAIC ENERGY CONVERSION- Large solar cell

array, silicon or GaAIAs cells with glass substrate/covers.

• Solar cellblankets:

Thermal cycling

Electron/proton and ultravioletradiation effects

Fabrication techniques

Annealing techniques and performance

• Solar concentrators (reflectors): (ifrequired)

Radiation effects

Micrometeoroid effects

Application of vapor deposited coatings in orbit

• Electrical and mechanical performance of very large arrays

• Iligh voltage/plasma interactions

*Obtained from "Solar Power Satellite Concept Evaluation,

Vol II Detailed Report, July 1977, NASA-Johnson Space

Center.

LRU PECULIAR

RECTENNA - Identical to earth baseline. All materials used

for antenna construction are obtained from earth. LRU is not

expected to affect overall power transmission parameters such

as frequency, power density, power distribution, antenna

aperatures, etc.

PHOTOVOLTAIC ENERGY CONVERSION- Similar to earth

baseline except max substitution of lunar materials precludes

consideration of GaA1As cells. If a compromise LRU/earth

baseline design is not possible, additional development and

testing of cells constructed primarily with lunar materials

will be required, i.e., silicon cells with SiO 2 covers and
substrate.

Recent analyses have shown concentrators to be ineffective

with silicon solar cells; therefore, a LRU compatible photo-

voltaic array configuration will probably not include re-

flectors. If reflectors are needed, sodium coated alumimlm

foil is a possible LRU compatible candidate for reflector

construction.

( ( ....
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Table J-2. Satellite Systems Elements (contd).

e__
i

¢dl

TECIINOLOGY DEVELOPMENT PHASE - TERRESTRIAL AND SPACE TESTS

EARTH BASELINE *

STRUCTURES - Photovoltaic array support structure and

primary/secondary structures for the microwave power

transmission system antennae.

• Structural Systems

Solar collector structure/attitude control interactions

Antenna stiffness/pointing accuracy/attitude control

interactions

Antenna subarray chassis/thermal control

Structural elements for space construction

Numerical characterization of SPS structural per-

formance

Similitude modeling for subscale testing

Transient response of structure during eclipse

• Material Considerations

Availability of graphite for SPS construction

Graphite composite lifetime

Graphite composite cables

Tension cable lifetime

Joining techniques and properties

Electrostatic charging phenomena

LRU PECULIAR

STRUCTURES - Significant design changes will be necessitat-

ed by substitution of lunar materials. These substitutions will

require substantial supplementary development testing in both

the systems and materials category.

Potential lunar material substitutions will be chiefly influenced

by dimensional stability requirements during thermal cycling.

A lunar ceramic material (foamed glass), possibly containing

high strength fibers (from either the moon or earth) may be

suitable for structural applications requiring a low coefficient

of thermal expansion. Other substitute structural materials

include alloys of lunar derived aluminum, titanium, or steel,

for applications where dimensional stability requirements
are less critical.

POWER DISTRIBUTION

Tl_in sheet conductors

Power bus Insulation

Power switching

System verification

POWER DISTRIBUTION- Design changes and supplementary

development tests should be minimal. Primary power busses

are manufactured of lunar rather than earth aluminum. Cable

conductors will substitute aluminum insulated with woven glass

for plastic coated copper. Insulators will be lunar ceramic

rather than plastic composite.



Table J-2. Satellite System Elements (contd).

TECHNOLOGY DEVELOPMENT PHASE - TERRESTRIAL AND SPACE TESTS

"°' P'-4

!

EARTtl BASELINE *

POWER TRANSMISSION - Phased Array Microwave Antenna

• Microwave System

Transmission frequency

Ionosphere power density limits

IIeat dissipation from microwave generators

Transmitting antenna construction and operation

Interfaces with transmitting antenna

Microwave system-level problems

Microwave effects on other areas

e Microwave Generation (Klystrons)

Efficiency

Reliability

Low noise

Low weight

Stability

• Antenna Subarrays

Slotted waveguide antenna designs

Efficiency

Power level effects

Wavegutde materials and fabrication teclmiques
• Thermal Control

Microwave generator thermal design

MPTS thermal control

Thermal desigal of rotary joint

Thermal control of power distribution system

• Plmse Control

LRU PECULIAR

POWER TRANSMISSION - Design changes will be neces-

sitated by substitution of lunar materials. The following

are a preliminary indication of possible LRU development

tasks associated with these substitutions.

• Microwave system - minor, if any, system level sup-

plementary testing should be needed.

• Microwave generation - substitution of aluminum for

copper (and possibly CRES) parts in klystron will require

substantial additional development and testing to demon-

strate equivalent performance.

• Antenna subarrays - substitution of foamed glass (or a

lunar ceramic material) for graphite composite wave-

guides will require substantial additional development

and testing.

• Thermal control - the following substitutions should be

considered

- Aluminum rather than copper radiators

- Alloy steel or aluminum rather than CRES heat pipes.

An alternative transfer fluid to replace mercury should

also be considered to alleviate material compatibility

problems.

• Phase Control - identical to earth baseline. Consists of

ldgh teclmology electronic assemblies manufactured on

earth.

C
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Table J-2. Satellite System Elements (contd).

TECHNOLOGY DEVELOPMENT PHASE - TERRESTRIAL AND SPACE TESTS

¢-d
J

EARTH BASELINE *

POWER CONDITIONING

• DC--DC Converters

• Converter thermal control

OTHER SPS SYSTEMS

6 Communications and Instrumentation

• Stabilization and Control

• Antenna Pointing Control

• Propulsion and Reaction Control

M PD arc-j et thruster

100-cm ion thruster

• Rotary Joint

Slip rings and brushes

LRU PECULIAR

POWER CONDITIONING - Desig_ changes will be necessitated

by substitution of lunar materials. The following are a pre-

liminary indication of possible LRU development tasks associat-

ed with these substitutions.

• DC-DC Converters - substitution of aluminum wire for

copper windings in transformer coil, and manufacture of

transformer core from lunar materials will require sup-

plementary development testing to demonstrate equivalent ,

performance.

• Thermal Control - use of lunar rather than earth supplied

aluminum radiators should not require supplementary

development.

OTHER SPS SYSTEMS - These systems primarily consist of

high technology components of relatively low mass. With

minor exceptions, lunar material substitutions are probably

not worth considering. All these components will be obtained

from earth, therefore no supplementary development is required.
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Table J-3. Manufacturing System Elements.

TECHNOLOGY DEVELOPMENT PHASE - TERRESTRIAL AND SPACE TESTS

¢-4
!
O0

EARTH BASELINE

No corresponding space facility.

No corresponding space facility.

No corresponding space facility.

No corresponding space facility.

LRU PECULIAR

LUNAR MINING - Development of equipment to excavate,

meclmnically separate a]x] transport lunar soil from the

strip mine to processing/logistics base.

• Skip loader (performance)

Q Screening, magnetic, and electrostatic beneficiation

equipment (performance)

• Hauler (performance)

• Equipment Life/Maintenance

MATERIAL PROCESSING - Electro-ehAmical reduction of

beneflciated lunar soil into its constituent elements, i.e.,

aluminum, iron, oxygen, silicon & others.

• Chemical processing equipment

• Electrolysis ecmipment

• Process chemical recovery equipment

o Peripheral equipment

MATERIAL REFINING - Development of processing equipment

to refine silicon from metallurgical grade to PPB level required

for solar cell production.

PROPELLANT PRODUCTION FACILITY - Development of

equipment needed to liquefy lunar derived oxygen and store

LO 2 for use as transportation vehicle propellant.

• Liquefaction equipment

• Large radiator construction

• Storage & transfer (pumping) equipment

( ( ¢,:
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Table J-3. Manufacturing System Elements (contd).

TECHNOLOGY DEVELOPMENT PIIASE - TERRESTRIAL AND SPACE TESTS

e_
!

_D

EARTH BASELINE

No corresponding space facility.

Construction facility configurations and services are scenario

dependent.

• If SPS modules are fabricated in LEO, transferred via

self-powered mode, and assembled in GEO, file SPS

orbital construction facility will be located in LEO.

• If SPS is fabricated in GEO, the LEO construction facility

consists of assembly fixtures to manufacture COTV's for

bulk material transfer to GEO. The SPS orbital construction

facility is located in GEO.

LRU PECULIAR

SPACE MANUFACTURING FACILITY- Development of equip-

ment required to manufacture SPS components and sub-

assemblies from processed lunar materials.

• Stock Manufacturing

- Aluminum sheet and wire

- Iron and steel sheet

- Aluminum and sendust castings

- Glass filaments

e Parts Manufacturing

- Aluminum fittings and housings

- Foamed ceramic struts and waveguides

- Steel heat pipes and glass insulation

• Component Assembly

- DC-DC converters and klystrons

- DC-DC cony. and klystron radiators '

- Structural members and waveguide modules

• Solar cell panel manufacturing

- Glass covers and substrate

- Silicon solar ceils

- Solar cell module assembly



Table J-3. Manufacturing System Elements (contd).

TECIINOLOGY DEVELOPMENT PIIASE - TERRESTRIAL AND SPACE TESTS

!
b-a
o

EARTIt BASELINE

Using the second case, wldch is more compatible with file LllU

option, as an example:

LEO COTV CONSTRUCTION FACILITY- Large structural

framework and equipment suitable for manufacture of an ion

electric COTV structure, deployment of solar array blankets

mid attaclnnent/integration of subsystems.

Technology Development Requirements:

• Automatic fabrication of elemental truss

• Assembly of elemental trusses into long truss

• Deployment and attachment of solar cell blankets

• Space installation of power distribution cables

• Integrity verification of space--fabricated structures

• Assembly of jigs and fixtures for orbital construction

GEe SPS CONSTRUCTION FACILITY- Large structural

framework and equipment suitable for manufacture of a SPS.

The solar array and microwave antennae are fabricated and

joined using this fixture. Many development items dupli-

cate those needed for the COTV construction facility.

• Automatic fabrication of elemental truss

• Assembly of elemental trusses into long truss

o Large space radiator construction

• Deployment and attachment of solar cell balnkets

• Space installation of power distribution cables

• Integrity verification of space-fabricated structures

• Assembly of jigs and fixtures for orbital construction.

LRU PECULIAR

LEO CONSTRUCTION FACILITY - Similar to earth baseline

COTV fabrication fixture. Several COTV configurations

are required to service alternative transfer routes which

promotes a modular COTV design and flxturing approach

with elements similar to those needed for earth baseline

constructton fixture and assembly elements. Identical tech-

nology requirements,

GEe CONSTRUCTION FACILITY- Very similar to earth

baseline SPS construction facility. Differences will be limited

to those caused by SPS design and construction details associated

with lunar material substitutions. The potential use of ceramic

structure and waveguides to replace graphite composite will

result in flxturing revisions and changes in joining/attachment

techniques.
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Table J-4. Infrastructure System Elements.

TECHNOLOGY DEVELOPMENT PHASE - TERRESTRIAL AND SPACE TESTS

i-a
b-I

EARTH BASELINE

LEO HABITAT- Modular space station to support COTV

construction, transportation vehicle servicing, and

construction material logistics functions.

• Life support systems (solar flare shelter)

• Power supply and heat rejection

• Attitude control and positioning

LEO PROPELLANT DEPOT- Storage of LH2, LO 2 mid LA R

propellants for COTV and POTV, plus vehicle docking •

and propellant transfer provisions

• Large storage tanks (insulated)

• Boiloff rellquefaetton equipment

• Power, attitude control, heat rejection and other

satellite support systems.

GEO HABITAT- Large modular space station to support

SPS construction, SPS maintenance, and transportation

vehicle servicing. Same basic technology requirements

as LEO habitat applied to a larger habitat.

No corresponding space facility (Although a GEO depot

to supply POTV propellants might be cost effective).

No corresponding space facility.

LRU PECULIAR

LEO HABITAT - Similar to earth baseline habitat. Crew

size and duty assignments may differ somewhat, but station

functional requirements and development needs should be

Identical.

LEO PROPELLANT DEPOT - Similar to earth baseline

depot except for propellant capacity and type. Argon will

not be required since the COTV will utilize oxygen propellant

obtained from lunar resources.

GEO HABITAT - Similar to but smaller than the earth baseline

habitat to accommodate personnel for SPS maintenance and

vehicle servicing. Same basic technology requirements.

GEO PROPELLANT DEPOT - Similar to LEO propellant depot

except for propellant quantity. Propellant storage of LH 2 and
IX) 2 required.

SMF IIABITAT- Similar to earth baseline GEO habitat except

for larger size and different location. Habitat is sized to

accommodate processing and manufacturing personnel in

addition to those required for SPS construction and transportation

vehicle servicing. Same basic technology requirerm nts applied

to an even larger habitat.



Table J-4. Infrastructure System Elements (contd).

TECIINOLOGY DEVELOPMENT PHASE - TERRESTRIAL AND SPACE TESTS

¢-4
!

b3

EARTH BASELINE

No corresponding space facility.

No corresponding space facility.

No corresponding faoility.

No corresponding facility.

CONSTRUCTION POWER STATION - Photovoltaic array and

power conditioning equipment based on SPS teclmology to

provide electrical energy needed for SPS construction.

• See Table J-2 for technology development requirements.

No corresponding facility.

LRU PECULIAR

SMF PROPELLANT DEPOT - Same as GEO propellant depot

LLO PROPELLANT DEPOT - Same as GEO propellant depot

LUNAR SURFACE PROPELLANT DEPOT (if required)-

Limited to contingency supplies of LO2/LH 2 and storage of

LO 2 manufactured on the lunar surface.

LUNAR SURFACE IIABITAT - Modular living quarters to

support lunar mining, processing, and transportation operations.

o Life support & environmental control

• Power supply and heat rejection

• Personnel access to and from the lunar surface

S.._F POWER STATION- Similar larger photovol "rate array to

provide electrical energy for lunar material processing, stock

manufacturing, SPS component manufacturing, module sub-

assembly, and SPS construction.

LUNAR POWER STATION - Electrical power generation to

supply mining, processing, manufacturing, transpol_tion,

and personnel support requirements on the lmmr surface.

Implementation options include nuclear Brayton, photovoltalc with

energy storage capability, and photovoltaie with o_ital reflectors•

• Nuclear reaction for lunar use (maintenance)

e Lunar derived shielding ("lunar concrete")

• Waste heat radiators (lunar surface)

• IIigh capacity energy storage devices

• Orbital solar reflector satellites (optional for photovoltaie

supply)
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